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CONVERSION OF URACIL TO THYMINE BY STRAINS 
OF BACILLUS SUBTILIS 


F By D. V. REGE* anp A. SREENIVASAN 
(From the Department of Chemical Technology, University of Bombay, Bombay, India) 


(Received for publication, December 16, 1953) 


From replacement studies (1) and inhibition analysis (2) with micro- 
ganisms requiring folic acid, it has been inferred that this vitamin is 
mcerned in the biosynthesis of purines and of thymine. More directly, 
folic acid has been shown to be involved in nucleic acid synthesis in Lacto- 
‘bacillus casei (3,4). According to Buchanan and Schulman (5), the forma- 
jon of purine derivatives would seem to require a folic acid-activated 
@azyme. The observed effectiveness of uracil in large doses in pernicious 
nemia in relapse has been interpreted to mean that it may be a precursor 
if thymine (6). Interchangeability of certain pyrimidines in the nutrition 
of microorganisms is known (7-9). The present study relates to the ability 
ff several strains of Bacillus subtilis to convert uracil to thymine and to 
the probable réle of folic acid and vitamin By: in this transformation. 


EXPERIMENTAL 


| Organisms—Three strains of B. subtilis, two isolated locally and one 
om the Central Drug Research Laboratory, Lucknow (CDRL No. 8314), 
mere used in this study. These were carried on peptone-agar slants with 
Monthly transfers. All the strains were observed to effect conversion of 
cil to thymine, although a major part of the studies reported relates 

ly to one of the cultures isolated. 
" Culturing and Harvesting—The organism was grown in the inorganic 
| salts dextrose synthetic medium of Green and Sevag (10). The pellicle 
was broken up by shaking after 24 hours growth at 30°, separated by cen- 
igation, and washed twice with ice-cold distilled water. The cells were 
a resuspended in a suitable volume of distilled water and dispersed 
Omogeneously by vigorous shaking. Dry cell weights were determined 

B aliquots of this suspension. 

rrocedure—A cell suspension equivalent to about 10 mg., dry weight, 
less otherwise stated, was incubated with 1 mg. of uracil (1 mg. per ml. 
10.004 x NaOH) in the presence of 3 ml. of 0.1 m phosphate buffer, pH 
@, at 37° for 4 hours, total volume 6 ml. The reaction was stopped with 
of 10 per cent trichloroacetic acid solution. The sediment obtained 
f centrifugation was stirred with 2 ml. of water and centrifuged again. 


Fellow of the Raptakos Medical Research Board. 
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The combined supernatant solution was neutralized with dilute NaOH 
solution and made to volume. Aliquots of this were used for the deter- 
mination of thymine (Table I). An aliquot of cell suspension heated on a 
boiling water bath for 5 minutes failed to effect any transformation of 
uracil to thymine. 

Determination of Thymine—The method is based on the reaction of 
thymine with diazotized sulfanilic acid, yielding red coloration on reduction 
(11), and was adapted from the procedure of Woodhouse (12). Specificity 
of the reaction has been reported by others (13, 14) and was checked in 
preliminary studies. Interference due to certain aldehydic breakdown 
products of deoxypentose could be removed by extraction with distilled 
ether (12, 14). Uracil and cytosine give a yellowish tinge. 

In carrying out the determinations, appropriate blanks were kept to 
allow for unidentified interfering substances which, in contrast to thymine, 


TABLE [ 
Synthesis of Thymine by Resting Cells of Bacillus subtilis 











Thymine formed in 4 hrs. 
Experiment No. - — eer 














10 mg. cells 10 mg. cells + 1 mg. uracil | Net synthesis 
Y ¥ | ¥ 
1 7.6 | 98.0 90.4 
2 11.4 88.8 77.4 
3 9.4 106.2 96.8 
4 9.7 90.7 81.0 





produced only slight coloration before reduction with hydroxylamine. The 
increase in color intensity after reduction was, therefore, taken as a meas- 
ure of thymine. The controls included sets for endogenous reaction as 
well as for reaction stopped at zero time. 

Identification of Thymine on Paper Chromatogram—Ascending paper strip 
chromatography was carried out with n-butanol saturated with water as 
the mobile phase, on Eaton-Dikeman No. 613 paper strips. Separa- 
tion was allowed for 18 to 20 hours. Positions of the separated pyrimi- 
dines on the chromatogram were spotted by the method of Vischer and 
Chargaff (15), modified by use of a 5 per cent silver nitrate solution instead 
of mercuric acetate solution. Ry, values observed for uracil and thymine 
were 0.30 and 0.43, respectively. Added thymine could not be differen- 
tiated on the chromatogram from thymine in the test solution. 


Results 


Optimal pH Conditions—The reaction was studied in the following 
buffers: acetate (0.1 m), pH 4.6; phosphate (0.1 m), pH 6, 6.6, 7.2, and 8.0; 
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pyrophosphate (0.02 m), pH 8.6; and bicarbonate, pH 7.2. Phosphate 
buffer, pH 7.2, was the most satisfactory and was employed in all the work. 
There was no activity at pH 4.6 and 8.6. 

Effects of Methyl Precursors—Since transformation of uracil to thymine 
involves methyl linkage to carbon at position 5, conversion was expected 
to be enhanced if methyl precursors were provided. A number of known 
and probable precursors were tried. These were added to the system in 
equimolar concentrations, 1 ml. of 0.013 m solutions being used. For com- 


TaBLeE II 
Effects of Methyl Precursors 





Thymine in 4 hrs. 

















Addition Peer "Mererer"ene ae | 
| 10 mg. cells | . = pommel Net —— 
| | 
Y Y 7 
se Ee para e | 7.2 76.8 69.6 
Glycine ; : 9.5 124.5 115.0 +65 
Serine.... ee eee Ff 101.3 93.6 +35 
Methionine............ 8.3 90.0 81.7 +17 
Choline chloride (1 mg.)... 6.5 70.1 63.6 —9 
te a 2 8.2 85.1 76.9 +10 
Formate + cysteine... 4.7 62.3 | 57.6 -17 
CS, lo cc eevee 9.2 100.7 | 91.5 +31 
None. . ; a 8.8 68.8 | 60.0 
Glycine... . ian 10.4 111.4 ; 101.0 +68 
Sarcosine. . = 10.1 84.5 | 74.4 +24 
Formaldehyde .... “ea m2 | @24 | +8 
Methanol... aS? | 68 | me | we | -2 
Tryptophan. . ~ a2: |: eS oe -3 
Histidine alencel eer ee he 





parison two different experiments were run with controls and sets to which 
glycine had been added. The results are given in Table II. 

Glycine produced the greatest thymine formation. Serine and threo- 
nine and to a lesser extent sarcosine and methionine also had an appreciable 
effect. The depressing effect of methanol may be due to slight toxicity 
for the organism. In subsequent experiments, glycine (1 ml., 0.013 m) was 
included in the medium. 

Various members of the tricarboxylic acid cycle (succinate, fumarate, 
a-ketoglutarate, and acetate) were tried as “sparking” compounds, but 
did not influence thymine synthesis. 

Effects of Aminopterin and Vitamin By, Oxidation Product—Addition of 
folic acid (pteroylglutamic acid, 10 y) or vitamin By (100 mugm.) to the 
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reaction system had no effect on thymine formation. This was to be ex- 
pected, since the organism is known to elaborate these vitamins in good 
quantity. The effects of antagonists of the two vitamins were therefore 
studied. 

The vitamin B,. antagonist was prepared by oxidation of the crystalline 
vitamin with hydrogen peroxide according to Beiler (16). Either this or 
aminopterin was added to the reaction mixture containing cells, uracil, and 
glycine in phosphate buffer, pH 7.2. The results are given in Table III, 

The vitamin B,: oxidation product could block the transformation of 
uracil to thymine almost completely at the 10 y level. Aminopterin was 
less effective. 


Tasie III 
Effects of Aminopterin and Vitamin B,2. Oxidation Product 





Thymine in 4 hrs. 














Adklton | — 
8 mg. cells | . pe Net 
7 7 7 
None 5.7 54.6 48.9 
Aminopterin, 7 
10 5.0 51.3 | 46.3 —5 
50 4.9 42.2 37.3 —24 
100 3.9 25.6 | 21.7 —55 
Vitamin By oxidation product | 
= y vitamin By) 








1 3.9 36.5 32.6 | 3 
10 0.5 7.7 | 7.2 | —85 
50 0 0 0 | 0 





Reversal of inhibition was not observed with pteroylglutamic acid (100 
y) or leucovorin (50 y) and with vitamin B,2 (up to 10 y) added simultane- 
ously with aminopterin (50 7) and the vitamin Bis oxidation product (1 
y). Culture filtrates and a cold water extract of crushed cells of B. sub- 
tilis were also ineffective in this respect. 

Other Observations—When B. subtilis was grown on peptone-agar, the 
harvested cells were, surprisingly, without any activity for thymine syn- 
thesis. When the synthetic agar medium was employed, it was ascer- 
tained that this lack of activity was not due to the solid medium used; 
besides, cells grown in peptone-water also lacked this activity.., 

Ability to effect this transformation could not be observed in L. casei, 
Streptococcus faecalis R, and wild as well as vitamin B,:-requiring mutant 
strains of Escherichia coli. 
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DISCUSSION 


The incorporation of labeled formate into thymine-methyl has been 
shown to be influenced by dietary folic acid in mice (17) and in rats (18). 
In microorganisms there has been no such demonstration. In the micro- 
bial conversion of uracil to thymine reported here, no direct effect of folic 
acid or vitamin By. could be shown; however, the depression of the con- 
version by the specific antagonists might point to a réle for both vitamins. 

Attempts have been made (19, 20) to define the loci of action of folic 
acid and vitamin By. in thymidine synthesis. It would seem from the 
present observations that the two vitamins are also involved in thymine 
synthesis. Presumably they exert their effects at different points in the 
formation of the active 1-carbon fragment from glycine and in the subse- 
quent methyl synthesis. 

The observation reported here may not typify the general microbial 
mechanism of biosynthesis of thymine. Mitchell and Houlahan (21), 
working with Neurospora mutants, suggested that the free pyrimidines are 
not the natural intermediates and that conjugation with the sugar (pentose 
or deoxypentose) occurs at an early stage of biosynthesis. A similar con- 
jugation of 4-amino-5-imidazolecarboxamide into the corresponding ribo- 
tide before conversion into purine ribotide has been demonstrated (22, 23). 
However, the interchangeability in utilization of pyrimidines exhibited by 
several bacteria shows that intact pyrimidines are interconvertible. The 
present observations demonstrate such an interconversion. 


SUMMARY 


The resting cells of Bacillus subtilis are shown to bring about trans- 
formation of uracil to thymine. 
Glycine and, to a lesser extent, serine, threonine, and sarcosine augment 


this transformation, and presumably serve to supply the single carbon unit 
precursor of the methyl! group. 


A vitamin B,. oxidation product and aminopterin inhibit the reaction, 
the effect of the former being more marked. 
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ANTAGONISTS OF NUCLEIC ACID DERIVATIVES 


VIII. SYNERGISM IN COMBINATIONS OF BIOCHEMICALLY RELATED 
ANTIMETABOLITES 


By GERTRUDE B. ELION, SAMUEL SINGER, anp GEORGE H. HITCHINGS 


(From the Wellcome Research Laboratories, Tuckahoe, New York) 
(Received for publication, December 17, 1953) 


Studies on analogues of the heterocyclic bases of the nucleic acids have 
given rise to specific antagonists of the bases (1-3) and of folic acid and 
leucovorin (4). These substances and the sulfonamides form a group of 
antimetabolites with at least three distinct loci of action arranged sequen- 
tially (5) along the same biochemical pathway. This material is well 
suited, therefore, to studies of the results of multiple biochemical blocking. 
Furthermore, since a number of the agents, particularly in the 2 ,4-diamino- 
pyrimidine (folic acid antagonist (4)) series, possess chemotherapeutic ac- 
tivity, chemotherapeutic applications should be expected if synergistic 
effects are found. Indeed, synergism between sulfonamides and diamino- 
pyrimidines has already been observed in the treatment of certain protozoal 
infections! (6, 7). 

The present paper deals with investigations, with lactic acid bacteria, of 
various combinations of folic acid, thymine, and purine antagonists. In 
many instances synergistic effects of a rather striking magnitude were 
observed. However, the results are not uniformly predictable and call 
attention to certain details of the action of specific analogues and to certain 
species differences. In the course of these investigations a method of 
presentation of the results was developed which permits a quantitative 
evaluation of the degree of potentiation when two inhibitory substances 
are used in combination. 


EXPERIMENTAL 


Streptococcus faecalis (ATCC No. 8043) was cultured as described by 
Luckey et al. (8). The medium was supplemented with 2.5 mugm. of folic 
acid per ml. of medium, unless otherwise stated. Substances to be tested 
were added at several levels, as aliquots of stock solutions, to 10 ml. por- 
tions of medium before autoclaving. After inoculation the cultures were 
incubated at 37° for 18 hours and growth was estimated by measurements 
of turbidity with a Lumetron (model 403-E) photoelectric colorimeter, ad- 
justed so that the uninoculated medium gave a zero reading. The tur- 
bidity is, therefore, 100 less the per cent transmission. 


‘Rollo, I. M., personal communication. 
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Lactobacillus casei (ATCC No. 7469) was grown in a modified Landy- 
Dicken medium, as previously described (1), supplemented with 0.05 
mygm. of folic acid per ml. After addition of the compounds to be tested, 
the media were autoclaved, inoculated with 0.02 ml. of a saline-washed 
suspension of L. casei (1) per 10 ml. of medium, and incubated at 37° for 
68 hours. Growth was measured by acid production as determined by 
titration with 0.1 n sodium hydroxide. 
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Fic. 1. Effects of combinations of 2,4-diamino-5-p-chlorophenyl-6-ethylpyrimi- 
dine (Compound 50-63) and 5-bromouracil on the growth of S. faecalis. Concentra- 
tions of 5-bromouracil, X, none; A, 2.57 per ml.; 0, 10 y per ml.; O, 207 per ml.; 
A, 40 y per ml. 


Results 


In order to evaluate the effectiveness of various combinations of inhibi- 
tors, the following method was employed. Each compound was tested indi- 
vidually over a range of concentrations which would permit the drawing of 
a dose-response curve. This is exemplified for S. faecalis by the control 
curve of 2,4-diamino-5-p-chlorophenyl-6-ethylpyrimidine (Compound 50- 
63) in Fig. 1 and the curve for 5-bromouracil in Fig. 2. Concurrently, 
experiments were conducted in which three or four concentrations of the 
second inhibitor were added in combination with each concentration of the 
first inhibitor. A series of growth curves was then drawn for each level of 
the second inhibitor, as shown in Fig. 1 where four concentrations of 5-bro- 
mouracil were tested for S. faecalis. An arbitrary turbidity of 25 was 
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chosen, and the point on each curve corresponding to this turbidity was 
determined. In Table I are given the concentrations present at this 
turbidity as well as the “fractional inhibitory concentration” of each in- 
hibitor. This fractional inhibitory concentration was calculated by divid- 
ing the concentration of the inhibitor present in the combination by the 
amount of inhibitor which would be required to give the same degree of 
inhibition by itself, e.g. 6.8 mugm. for Compound 50-63 (Table I). 

The fractional inhibitory concentrations of each pair of inhibitors were 
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5-BROMOURACIL yY PER ML. 
Fig. 2. Effect of 5-bromouracil on the growth of S. faecalis 


then plotted as shown in Fig. 3. When the effects of the two compounds 
are additive, the points fall on a straight line, connecting unity on the 
ordinate with unity on the abscissa (e.g. Fig. 9). Deviations to the left of 
this theoretical line indicate synergism; deviations to the right represent 
interference or antagonism between the drugs. By drawing intersecting 
straight lines through the experimental points, one arrives at a point where 
the combined fractional inhibitory concentrations reach a minimum; 7.¢., 
4 point of maximal effectiveness. With Compound 50-63 and 5-bromoura- 
il this point occurred where the fractional inhibitory concentrations were 
0.09 and 0.07, respectively, or at a sum of 0.16. Thus, a single figure can 
be used to denote the degree of synergism shown by a pair of inhibitors. 
This sum of the fractional inhibitory concentrations of the most effective 
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combination of drugs is presented in Table II for each pair of drugs tested. 
It is unity when the inhibitions are additive; the smaller the number, the 
greater the degree of synergism. Although a turbidity of 25 was chosen 


TaBLe I 


Concentrations of Combinations of Compound 50-63 and 5-Bromouracil Giving 
Turbidity of 26 with S. faecalis 


Compound 50-63 | 5-Bromouracil 


Fractional inhibitory Fractional inhibitory 

















- 
mygm. per ml. | concentration*® 7 per ml. concentration* 
—___—__—__—_ | -- —— | _ 
6.8 1 0 0 
4.0 0.59 2.5 0.016 
2.7 0.40 } 10 0.063 
0.45 0.066 | 20 | 0.125 
0.35 | 0.052 } 40 0.250 
0 0 | 160 1 
| 
* See the text. 
1 
08 
© 
wo 
o 06 
0 
0.4} ix 
0.2F 
0 Strasse 
02 04 #O6 Q8 1 
5- BROMOURACIL 


Fic. 3. Effects of combinations of Compound 50-63 and 5-bromouracil on the 
growth of S. faecalis in terms of fractional inhibitory concentrations. Experiment 
1, X; Experiment 2, O. 


for convenience as the point at which comparisons between different com- 
binations of drugs were made with S. faecalis, it was found that essentially 
the same potentiation was obtained if the comparison was made at a tur- 
bidity of 35 or 15. If a turbidity of 45 was chosen as the standard for 
comparison, the potentiations were somewhat less marked. With L. casei 
the point at which comparisons were made was that of one-half the titer of 
the control. 
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d. The advantage of plotting fractional inhibitory concentrations rather 
ie than the actual concentrations of the drugs is that it minimizes the effects 
on of biological variability to a considerable extent. In replicate experiments 

the reproducibility of the degree of potentiation was excellent. Attention 
is drawn to Figs. 3, 6, and 7, in which, even though the absolute levels of 
Tasie II 
Effectiveness of Combinations of Drugs 
| Sum of fractional inhibito 
Combination | concentrations of most effective 
| combination 
In S. faecalis; medium 2.5 mygm. folic acid per ml. 
50-63 + 5-bromouracil 0.16 
50-63 + 6-azathymine ey 0.14 
A-Methopterin + 5-bromouracil sine 0.29 
2,6-Diaminopurine + 6-azathymine. Dicaksee eal 4 0.31 
- + 5-bromouracil.. . 0.80 
0-63 + 8-azaguanine Or 0.49 
50-63 + purine . - 0.66 
A-Methopterin + 8-azaguanine <5 df tbetials 1.0 
§-Azaguanine + 6-azathymine a 0.29 
” + 5-bromouracil 0.39 
A-Methopterin + 50-63 1.0 
2,6-Diaminopurine + 8-azaguanine 1.0 
In L. casei; medium 0.05 mugm. folic acid per ml. 
50-63 + 5-bromouracil oe A. | 1.0 
5043 + 8-azaguanine. 0.58 
50-63 + 2,6-diaminopurine 0.68 
0-63 + 6-mercaptopurine 0.28 
Purine + 6-mercaptopurine : ; 0.36 
2,6-Diaminopurine + 6-mercaptopurine......... | >1 
50-63 + A-Methopterin | 1.0 
n the irs slain omy s buninpabirned Snaie 1.0 
iment - - — — 
growth for given concentrations of drug differed somewhat in different 
com- experiments, the fractional inhibitory concentrations calculated from each 
tially set of data conformed to the same pattern. 

a tur- The concentrations of the various drugs resulting in turbidity of 25 for 

rd for §. faecalis were as follows: Compound 50-63, 7 mugm. per ml.; A-Methop- 

_ casei terin, 1 mugm. per ml.; 5-bromouracil, 160 7 per ml.; 6-azathymine, 120 

iter of y per ml.; 2,6-diaminopurine, 1.2 y per ml.; 8-azaguanine, 0.2 y per ml.; 

purine, 120 y per ml. With L. casei, the concentrations of drug at which 
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one-half the control titer was obtained were as follows: Compound 50-63, 
0.2 y per ml.; 2,6-diaminopurine, 0.1 y per ml.; 5-bromouracil, 400 per 
ml.; 8-azaguanine, 0.03 y per ml.; 6-mercaptopurine, 30 7 per ml.; purine, 
0.16 y per ml.; A-Methopterin, 0.02 mugm. per ml.; 2 ,4-diamino-5-(3’ ,4’- 
dichloropheny])-6-methylpyrimidine (Compound 50-197), 0.1 y per ml. 
The effects of combinations of various antifolic acids with antithymines 
on S. faecalis are shown in Figs. 3 and 4and in Table II. There was strong 
synergism with Compound 50-63 and either 5-bromouracil (Fig. 3) or 
6-azathymine (Table IT), as well as with A-Methopterin and 5-bromouracil 
(Fig. 4). The potentiation of 2,6-diaminopurine by 6-azathymine was 
marked (Table IT), while that by 5-bromouracil was very weak (Table IT). 


TaB_eE III 
Effect of Folic Acid and Leucovorin on Toxicity of Compounds in S. faecalis 





Turbidity, 100 less per cent transmission 


Concentra- 











Compound tion, Folic acid, mugm. per ml. Leucovorin, myugm. per ml. 
per ml. 
0.1 0.5 2.5 12.5 0.1 0.5 2.5 | 125 
2,6-Diaminopurine 0 2 42 57 54 2 42 52 52 
2 6 46 64 60 6 j 56 56 
10 7 8 22 62 6 24 63 60 
50 7 6 6 16 6 7 43 67 
200 7 8 8 4 6 10 11 66 
8-Azaguanine a ae 76 79 80 12 55 69 76 
0.2 7 14 37 72 6 ‘ 57 70 
0.8 3 7 18 40 6 13 26 64 
3.2 2 ae ae | 1|/ 1/6/48 





The ability of 2,6-diaminopurine to behave like an antifolic acid in S. 
faecalis, apparently by interfering with the conversion of folic acid to 
citrovorum factor, is demonstrated in Table III. As in the case of the 
2 ,4-diaminopyrimidines and other condensed systems containing this moi- 
ety, e.g. 2,4-diaminopteridines, the effects of 2,6-diaminopurine were re- 
versed by leucovorin at concentrations of the inhibitor which were not 
reversed by folic acid. With 8-azaguanine, on the other hand, there was 
only a small difference in the effectiveness of leucovorin compared with 
folic acid in restoring growth. 

When S. faecalis was grown in the presence of 2.5 mugm. per ml. of 
leucovorin, instead of folic acid, the inhibitory effects of both Compound 
50-63 and 5-bromouracil were much weaker and synergism, if present at all, 
was very slight (Table IV compared with Figs. 1, 2, and 3). 

When combinations of Compound 50-63 and 8-azaguanine or purine were 
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tested on S. faecalis, the potentiation was found to be much weaker (Fig. 
5 and Table II) than with either 6-azathymine or 5-bromouracil. With 
A-Methopterin and 8-azaguanine a straight line was obtained (Fig. 6), 
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Fig. 4. Effects of combinations of A-Methopterin and 5-bromouracil on the growth 
of S. faecalis in terms of fractional inhibitory concentrations. 

Fic. 5. Effects of combinations of Compound 50-63 and 8-azaguanine on the 
growth of S. faecalis in terms of fractional inhibitory concentrations. 

















TABLE IV 
Effects of Compound 60-63 and 5-Bromouracil on Growth of S. faecalis in Presence of 
Leucovorin* 
Turbidity, 100 less per cent transmission 
oan 5-Bromouracil, y per ml. 
| 0 40 80 160 320 
0 76 61 60 60 58 
0.5 74 54 54 54 55 
1 | 70 52 53 52 52 
2 | 67 51 42 44 35 
4 50 25 26 20 22 
8 35 15 12 12 12 
16 17 

















*The medium contains 2.5 mugm. per ml. of leucovorin. 


indicating that the effects of the two inhibitors were simply additive. This 
graph will serve as an illustration of the pattern seen when the effects are 
additive; other combinations in which the sum of the fractional inhibitory 
concentrations is unity are listed in Table II. In each instance the sum of 
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unity was obtained with several different proportions of the two inhibitors, 
It will be noted that 2,6-diaminopurine and 8-azaguanine gave additive 
inhibition (Table IT). 

With the antipurine, 8-azaguanine, and either of the antithymines, 5-bro- 
mouracil or 6-azathymine, marked potentiation was observed in S. faecalis 
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Fig. 6. Effects of combinations of A-Methopterin and 8-azaguanine on the growth 
of S. faecalis in terms of fractional inhibitory concentrations. Experiment 1, X; 
Experiment 2, O. 

Fig. 7. Effects of combinations of 8-azaguanine and 6-azathymine on the growth 
of S. faecalis in terms of fractional inhibitory concentrations. Experiment 1, X; 
Experiment 2, O. 
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Fia. 8. Effects of combinations of Compound 50-63 and 6-mercaptopurine on the 
growth of L. casei in terms of fractional inhibitory concentrations. 

Fic. 9. Effects of combinations of Compound 50-63 and A-Methopterin on the 
growth of L. casei in terms of fractional inhibitory concentrations. 
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(Fig. 7 and Table II). With the two antifolic acids, Compound 50-63 and 
A-Methopterin, there was only addition of the inhibitory effects (Table 
II). 

With L. casei, in contrast to S. faecalis, there was no synergism between 
Compound 50-63 and 5-bromouracil (Table II). However, there was 
synergism between Compound 50-63 and 8-azaguanine and between Com- 
pound 50-63 and 2,6-diaminopurine (Table II). Still stronger potentia- 
tion was seen with Compound 50-63 and another antipurine, 6-mercapto- 
purine (Fig. 8). 
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Fig. 10. Effects of combinations of purine and 6-mercaptopurine on the growth of 
L. casei in terms of fractional inhibitory concentrations. 


Fig. 11. Effects of combinations of 6-mercaptopurine and 2,6-diaminopurine on 
the growth of L: casei in terms of fractional inhibitory concentrations. 


Although the antifolic acids in combination were additive in their effects 
on L. casei (e.g., Compound 50-63 and A-Methopterin (Fig. 9); Compound 
50-63 and Compound 50-197 (Table II)), the same was not observed with 
several combinations of antipurines. With purine, which behaves like an 
adenine antagonist in L. casei (9), and 6-mercaptopurine, synergism was 
obtained (Fig. 10). On the other hand, 2 ,6-diaminopurine, also an adenine 


antagonist (10), and 6-mercaptopurine showed interference or blocking of 
the inhibitory effects (Fig. 11). 


DISCUSSION 


Although many variables which cannot be evaluated are involved in any 
example of sequential blocking, the relationships can be discerned in broad 
outline. When an organism is multiplying in the presence of a suboptimal 
concentration of an essential metabolite, not only is the cell population 
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diminished, but the cells which are formed are depleted of the metabolite 
in question and all its products in the metabolic sequence. That this de- 
pletion may be of a considerable magnitude is suggested by the response-log 
dose relationship observed in many growth systems and by the fact that 
well nourished cells often undergo several cell divisions in the absence of an 
essential metabolite. The result of this depletion is to render the organism 
hypersensitive to antimetabolites acting at any subsequent stage along the 
biochemical pathway. 

When inhibitors for each of two sequentially related metabolites are 
available, potentiation often is approximately 10-fold; 7.e., only about one- 
tenth as much inhibitor, in terms of effective doses, will be required when 
two loci are attacked as when a single antimetabolite is used. In the 
system p-aminobenzoic acid (@) folic acid () citrovorum factor, the avail- 
ability of sulfonamides competing in reaction (a) and of diaminopyrimi- 
dines competing in reaction (b) has prompted the trial of combinations of 
these drugs in a number of biological systems, and potentiation has been a 
regular and predictable event. This has been shown in vitro with a number 
of bacteria.2 Furthermore, when the antagonists exert differential effects 
in the host-parasite relationship, the therapeutic activity may be con- 
siderably increased by combination therapy. This has been demonstrated 
in chemotherapeutic trials with Compound 50-63 and sulfonamides in mice 
with toxoplasmosis (7) and in chicks infected with Plasmodium gallinaceum' 
and with Eimeria tenella.’ 

The current studies deal in the main with combinations of folic acid 
antagonists (which block the step folic acid — citrovorum factor in S. 
faecalis but compete with both forms of the vitamin in L. casei (4)) and 
antipurines and antithymines, analogues of constituents of the nucleic 
acids, the presumed end-products of this metabolic pathway. Presumably 
thymine and purines, in the free state, are not the primary products of the 
folic acid-containing enzyme system, and consequently the free bases and 
their analogues enter the pathways to nucleic acids via alternate mech- 
anisms. Nevertheless the number of combinations of these biochemically 
related analogues in which synergism has been found is high compared with 
that found with randomly selected inhibitors. This fact increases the 
interest in and the importance of exploratory experiments of the type re- 
ported here. 

In the S. faecalis system potentiation occurred with every combination 
of antagonists of folic acid with those of thymine which was investigated. 
However, when antipurines were substituted for the antithymines, the 
synergism was minimal in the case of the 2,4-diaminopyrimidine (Fig. 5) 


? Bushby, 8. R. M., personal communication. 
3’ Lux, R. E., personal communication. 
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ite or absent in the experiment with A-Methopterin and 8-azaguanine (Fig. 6). 


de- The additive effect with combinations of A-Methopterin and 8-azaguanine 
log suggests a similar mode and locus of action for the two antimetabolites, 
hat for which there is no evidence, since, for example, 8-azaguanine fails to 
an block significantly the conversion of folic acid to citrovorum factor (Table 
sm III), unlike the 4-amino analogues of folic acid and the 2 ,4-diaminopyrimi- 
the dines. The synergism between 8-azaguanine and 6-azathymine was similar 
to that observed with combinations of antagonists of folic acid and thy- 
are mine, but may be interpreted in another way, as discussed below. 
ne- A number of examples of the use of antagonists of different moieties of 
hen the nucleic acid molecule was investigated. It is suggested that the term 
the “eoncurrent blocking” might be applied when the utilization of two or 
ail- more precursors of the same product is simultaneously inhibited. In this 
mi- eategory fall combinations of antipurines and antithymines and even com- 
3 of binations of two antipurines. For example, since 6-mercaptopurine ap- 
na pears to act along the pathways of conversion of adenine to guanine in 
ber L. casei (11), the possibility was investigated that its action could be po- 
ects tentiated by antiadenines such as 2,6-diaminopurine and purine. With 
0n- 


the latter strong synergism was observed. The combination of 6-mercapto- 
ited purine and 2,6-diaminopurine, on the other hand, had essentially the in- 
nice hibitory effect of the 6-mercaptopurine (the weaker inhibitor) aloae (Fig. 
‘um’ 11), and thus this experiment serves to illustrate a third type of effect which 
may occur with combinations of drugs, namely, interference or antagonism. 
Its specific significance may be no greater than that of an additional evi- 
dence of the equivocal réle of 2 ,6-diaminopurine as both an inhibitor and a 
and precursor of nucleic acid purines (10, 12). 


acid 
1 8. 


cleic With L. casei potentiation was not observed with combinations of an- 
ably tagonists of folic acid and thymine, although combinations of antifolic acids 
' the and antipurines were strongly synergistic in several instances. In earlier 
and work (4) it was noted that both folic acid and leucovorin are competitive 
ech- with the antifolic acids in this organism and essentially equally effective, 
pally while with S. faecalis a non-competitive reversal of these antagonists by 
with leucovorin occurs. The compounds which are effective synergists of the 
- the antithymines in S. faecalis are those which appear to block the conversion 
e Te- of folic acid to citrovorum factor. Synergism was not marked when leuco- 
vorin was furnished, even though the concentration of the antifolic acid 
ation was increased to inhibitory levels. The present experiments, therefore, 
ated. underline the differences between the two microorganisms observed earlier 
_ on the basis of reversal studies. 
g. 5 


Finally attention may be drawn to the use of combinations of antagonists 
as a biochemical tool. In many instances, the relationships between me- 
tabolites will not be clearly defined by this means alone. Nevertheless, 
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the observation of a strong potentiation with a combination of antimetabo- 
lites may provide a clue to a connection between metabolites which is not 
readily detectable by other means. 


The authors wish to acknowledge the helpful technical assistance of Mr, 
Henry C. Nathan. 


SUMMARY 


A method is described for the graphical representation of the effects of 
combinations of inhibitors which permits a numerical expression of the 
degree of potentiation observed. 

Experiments with Streptococcus faecalis and Lactobacillus casei with vari- 
ous combinations of antagonists of folic acid, purines, and thymine are 
described. A variety of agents which block the conversion of folic acid to 
citrovorum factor in S. faecalis are strongly potentiated by the antithy- 
mines, 5-bromouracil and 6-azathymine. A number of combinations of 
antipurines and of antipurines with antithymines are’ strongly synergistic in 
one or the other of these biological systems. 
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ot SOME FACTORS AFFECTING CARBON DIOXIDE 
METABOLISM IN NEUROSPORA CRASSA* 


Ir. By JOSEPH Q. HEPLAR}{ anv E. L. TATUM 
(From the Department of Biological Sciences, Stanford University, Stanford, 
California) 
of (Received for publication, December 21, 1953) 
the Although the réle of carbon dioxide in metabolism has been examined in 
an extensive variety of animal and plant tissues (1), especially in micro- 
uri- organisms (2), to the authors’ knowledge the literature is devoid of any 
are such references for Neurospora. This mold is particularly appropriate for 
| to such studies in view of the many well known mutants of diverse metabolic 
hy- potentialities which might reveal unsuspected patterns of carbon dioxide 
; of utilization and distribution. The present report details some of the factors 
¢ in involved in carbon dioxide assimilation by wild type Neurospora crassa. 
EXPERIMENTAL 
N. crassa SY7A, a wild type strain, was employed exclusively. In the 
B., type of experiment represented in Table I, 10 ml]. of minimal medium (3) 
50) were dispensed into 50 ml. Erlenmeyer flasks, the carbon sources were 
“505 added in the concentrations indicated, and, after sterilization by auto- 
claving, were inoculated equally with a suspension of macroconidia. These 
ee. flasks were incubated in a 6 liter desiccator at room temperature. The 
requisite radioactive carbon dioxide was released in the desiccator by drop- 
on ping a gelatin capsule containing the weighed BaC™O, into a vessel con- 


taining acid just prior to closing the lid. 
In the experiments in Table II, 10 ml. of the minimal medium were 
, 157 added to a round bottomed flask to which was attached a flushing valve, 
the total volume of the system being 150 ml.; the remaining procedures 
“ae “oe b : met 
were similar to those described, with a small vial containing acid suspended 
in the neck of the flask. After 3 days growth, the mycelial pads were 
). harvested, washed with water, and dried to constant weight at 70°. 
The radioactivity of all mycelia was determined by preparing slurries 
in ethyl alcohol, transferring to aluminum planchets, drying, and counting 
with a thin mica window Geiger-Miiller tube or with a gas flow counter; 


the results were corrected for the differences in the efficiencies of the two 
methods used. 


* This investigation was supported by a research grant from the National Insti- 
tutes of Health, United States Public Health Service (No. RG2619). 
t Present address, Biological Laboratory, Cold Spring Harbor, New York. 
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Uniformly radioactive mycelia for the experiments given in Table III 
were obtained by inoculating macroconidia in minimal medium (3) with 
0.5 per cent diluted, uniformly labeled C'-sucrose. Respiration of the 
mycelia was studied by conventional Warburg manometry at 30°. 3 day- 


TaBLeE [ 
Radioactivity of Neurospora crassa SY7A Grown for 3 Days with C0, 





| Concentration of substrates 


| 





| 0.1 per cent sucrose | 1.0 per cent sucrose | 2.0 per cent sucrose 











Supplement | + 0.1 per cent |} +1.0 = cent + 1.0 per cent 
supplement supplement | supplement 
| 
| oa Incorporation| ms |Incorporation eae Incorporation 
mg mg. | | mg. | 
hel as Vig toa tnt sca eter ao 4.6 | (0.064)* | 26.3 | (0.268) * 36.2 (0.355)* 
OE ate Hoe 12.3] 1.8 9 5 | 0.88 | 32.3] 0.915 
Acetate.....................] 5.6] 1.28 | 57.6| 1.84 | 64.5! 1.43 
NSE ee ee | 5.8| 2.04 | 47.4| 2.22 41.5 | 1.16 
Te ee kee | 35.8 | 1.52 | 52.7| 1.36 
a-Ketoglutarate diel At da | 8.0} 3.12 | 43.9] 1.73 40.2 | 0.917 








* The figures in parentheses are the actual percentages of the added C™Oz incor- 
porated with sucrose alone. The other numbers represent the ratios of the per 
cent of C4Oz incorporated with sucrose plus supplement to that of the per cent of 
C'O- incorporated with sucrose alone. 

















TaBLe II 
Radioactivity of Neurospora crassa SY7A Grown for 3 Days with CO: 
DS es | 
Carbon source Mat weight | ace Total activity incorpo 
| 
} me | ptr emt) pe 
1.0% sucrose...... sos | 29.7 | 145,800 | 4,330, 000 | 10.3 
1.0% “ +1.0%formate........ | 39.8 | 125,000 | 4,975,000} 12.5 
10% “ +1.0% pyruvate....... | 34.0 | 170,800 5, 807,000 | 15.9 
| | 








old mycelial mats were cut up and suspended in 2.0 ml. of M/15 phosphate 
buffer (pH 5.9) for each Warburg vessel. The two vessel technique was 
used with 0.2 ml. of 20 per cent KOH in one center well. The substrate 
solutions were delivered from the side arms to bring the final concentration 
to 0.01 m in all cases. Readings were made at 15 minute intervals. For 
counting endogenously released C“O2, the absorbing alkali was quantita- 
tively removed, neutralized, transferred to an aluminum planchet, and the 
radioactivity measured. 
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Il Results 

th In Table I are presented representative results of experiments on the 
he influence of the medium on the assimilation of CO.. The cardinal feature 
y- here is the definite increase in the total incorporation of C“O2 when sucrose 


is supplemented with an additional carbon source in the minimal medium; 
these effects of the supplements gradually diminish with an increase in the 
= concentration of sucrose. It is of interest to note that, although formate, 
pyruvate, and a-ketoglutarate are virtually inert as sole carbon sources 
a for the growth of Neurospora, in combination with sucrose they contribute 
significantly to the yield of mycelium; this effect is most clearly demon- 


Tase III 
Respiration of Radioactive Mycelia of Neurospora crassa 


ation 





Radioactivity of evolved CO: 





5 Substrate Per cent | Ratio to Qco,* Qo,* R.Q. 


C.p.m. mat endogenous 
activity activity 





SS. ere 32 
é Res xs cc's aenus 120 
RE 60 
wil ES cota ges ee oe-aeies 60 

per oe ss alae 35 
nt of Sucrose + acetate........ 88 
~ ‘a> Tormate......... 80 
+ pyruvate........ 84 


21.5 
31.5 
10.6 
22.6 
21.0 
84.5 
89.5 
77.0 


0.73 
0.79 
0.31 
0.76 
0.75 
1.59 
1.59 
1.73 


“ 
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* Microliters per hour per mg. of mycelium (dry weight). 


sien strated at low sugar concentrations. However, the effect of these supple- 


ments on CO, incorporation appears to be greater than can be accounted 
for by the increase in mat weights. 

On the basis of these data, it appears that these supplementary carbon 
ie sources participate in the net assimilation of CO,. The correlation be- 
= tween the total incorporation of C“O, and the amount of sucrose added, 
as exemplified in Table I, might then be due to an increased endogenous 
phate production of these compounds from sucrose. If these compounds are 
> was normally involved in CO, assimilation, then at low sucrose concentrations 
strate their addition might be expected to enhance the assimilation of COs. 
‘ation The effects of acetate, formate, pyruvate, and a-ketoglutarate, which 

For were supplied as sodium salts, seem not to be due to an increase in pH 
ntita- indirectly influencing the CO, assimilation. It was found that pH had 
id. the little effect on CO, incorporation within the range of 4.6 to 6.9 found in 
these growth experiments. 
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Since preliminary observations indicated that CO: incorporation was 
considerably greater under the conditions of the 150 ml. flask cultures, 
experiments were designed to exploit this relationship. In Table II are 
the data from a typical experiment in which separate 150 ml. flasks were 
employed. The influence of the combined carbon sources on the incor- 
poration of CO, is qualitatively similar to that with the same concentra- 
tions of substrates shown in Table I. The percentages of incorporation, 
however, are considerably higher and demonstrate the practical advantages 
of using a small gas volume system to obtain maximal C™O, incorporation, 

One factor involved appears to be the pCO2. This is illustrated by the 
data in Table IV. The total amount of CO, assimilated is directly related 
to the pCOz. However, since the different CO: levels were obtained by 
dilution with carrier CO2, the per cent of the CO, assimilated in the dif- 


TaBLe IV 
Effect of pCOz2 on C“O2 and Total CO2 Incorporation 














CO: CO; incorporation Total COs incorporation 
vol. per cent per cent mM 
0.075 12.05 0.0054 
0.75 10.79 0.048 
3.75 5.14 0.11 








These experiments represent cultures in 150 ml. flasks containing 10 ml. of mini- 
mal medium with 1.0 per cent sucrose as the carbon source and with equal initial 
amounts of CO:. 


ferent cultures decreases with increased pCO:. Although a similar rela- 
tionship has been found between pCO, and CO, assimilation in desiccator 


cultures, a precise correlation between CO, assimilation in individual flask, 


and desiccator cultures is impossible at present, since these cultures differ 
in physical factors other than pCO:, such as the liquid-gas phase ratio. In 
addition, in desiccator cultures the CO, inside the culture flasks probably 
is not in complete equilibrium with that in the desiccator and is therefore 
diluted with endogenous CO, to a greater extent than in single flask cul- 
tures. 

The effects of these supplementary carbon sources in CO, assimilation 
appear in part to be correlated with their effects on the metabolism of 
endogenous reserves. This is shown in Table III, which gives data on the 
production of CO, from uniformly labeled mycelium under various con- 
ditions. Inasmuch as it is virtually impossible to obtain equal aliquots of 
mycelium, percentages in the second column correct for this by incorporat- 
ing the actual count of each mycelial mat used. It is noteworthy that the 
effects of the combined substrates on the endogenous activity are not addi- 
tive. Acetate, formate, and pyruvate in combination with sucrose in effect 





inhil 
pari 
CHC 
forn 


corr 
Neu 
and 


the 


dif- 


1ini- 
itial 


-ela- 
ator 


lask , 


iffer 

In 
ably 
fore 


cul- 


tion 
mn of 
1 the 
con- 
ts of 
orat- 
t the 
addi- 
affect 





XUM 


J. Q. HEPLAR AND E. L. TATUM 493 


inhibited the release of endogenous C“O, from radioactive mycelia in com- 
parison with sucrose alone, which caused a 5-fold increase in endogenous 
C“O,. Acetate alone increased the endogenous CO, release 2-fold, but 
formate and pyruvate had little effect. 

Table IIT also gives the respiratory activities of these mycelia. It should 
be noted that the negligible activities of formate and pyruvate singly are 
correlated with their inactivities as sole sources of carbon for growth of 
Neurospora. The combined substrates cause a striking reversal of R. Q. 
and a decided increase in over-all respiratory activity. 


DISCUSSION 


Among the factors implicated in CO: assimilation by Neurospora some 
tend to increase, and others to decrease, the effectiveness of C“O. assimi- 
lation. Increased evolution of unlabeled CO:, such as that to be expected 
from higher concentrations of sucrose and from supplementary substrates, 
would by dilution tend to decrease C“O, assimilation and increase net CO, 
assimilation by increasing the pCO. In contrast, the suppression of 
endogenous CO, production by the supplementary substrates would tend 
to decrease loss of CO, already assimilated. If formate, acetate, py- 
ruvate, and a-ketoglutarate normally participate in enzymatic reactions 
involving CO, assimilation, their addition might be expected to increase 
CO, assimilation, as found in the experiments reported. That at least 
formate, acetate, and pyruvate are involved in the metabolism of Neuros- 
pora is clearly shown by their effects in depressing the evolution of CO, 
from endogenous materials and by the striking increases in R. Q., Qco,, 
and Qo, values produced. The data presented can thus best be interpreted 
in terms of a delicate balance of enzymatic reactions affecting both CO, 
assimilation and production. In the experiments reported, the net effect 
of the supplementary substrates is to increase CO. assimilation. 

Several recent attempts have been made to analyze the effect of exogen- 
ous substrates on endogenous metabolism by using isotopically labeled 
cells (4-7). Our results with Neurospora emphasize the conclusions of 
other workers that one cannot generalize from one organism to another, 
and that, until all the details of the metabolism of exogenous substrates 
are known, the validity of corrections for endogenous metabolism cannot 
be established by isotope experiments. 


SUMMARY 


Under optimal conditions CO, assimilation by Neurospora crassa may 
reach a value of 15 per cent of that supplied. Factors which affect CO, 
assimilation include the partial pressure of COs, the gas-liquid volume 
elation, and the type of exogenous carbon source supplied. 

The addition of acetate, formate, pyruvate, glycerol, and a-ketoglutarate 
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to the sucrose medium stimulates both growth and CO, assimilation, and 
the addition of formate, acetate, and pyruvate raises the R. Q., Qco,, and 
Qo, and decreases production of CO, from endogenous reserves. 
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The ease with which the sulfur atom of biotin is oxidized by various 
agents makes the properties of the oxidation products of practical bio- 
chemical importance. Biotin is converted to the sulfone under relatively 
mild conditions (1, 2). The biological properties of the sulfone have been 
studied in some detail (3) and differ markedly from those of biotin; in fact, 
the sulfone shows pronounced antibiotin activity toward several micro- 
organisms which require biotin for growth (4). On the other hand, the 
chemical and biological properties of the sulfoxide have received little 
attention. This compound has been assumed to be an intermediate in the 
oxidation of biotin to the sulfone, but its preparation and properties have 
not been described heretofore. 

This paper describes the synthesis of biotin sulfoxide, the preparation 
of two diastereoisomeric forms, and the isolation of one of these forms from 
a milk residue concentrate. A separate paper describes some of the bio- 
logical activities of the isomeric sulfoxides (5). 

Interest in biotin sulfoxide initially arose in this Laboratory during work 
on the isolation of biotin from esterified milk residue concentrates (6). 
Chromatography of some of the crude fractions on alumina yielded a 
crystalline substance which differed in melting point, crystalline form, and 
solubility from biotin methyl ester, but which showed the same growth- 
promoting activity as biotin methyl ester in the yeast assay. The analyti- 
cal results indicated the empirical formula C,;H:s0,N2S, which corresponds 
to that of biotin methyl ester with an additional oxygen atom. The 
supposition that the compound was the sulfoxide of biotin methyl ester 
was strengthened when we prepared the same substance from biotin methyl 
ester by oxidation with amounts of hydrogen peroxide insufficient to permit 
formation of the sulfone. The product, m.p. 178-180°, was identical in 
physical and chemical properties with the substance isolated from milk 
and showed the same high yeast growth activity. 

Attention was then turned to the preparation of the free acid, the sub- 
stance which might be produced by the oxidation of biotin in natural ma- 
terials. Biotin was treated with hydrogen peroxide in acetic acid, under 
conditions which readily yield the sulfone (1), except that the amount of 
reagent was limited to that expected to be required to form a sulfoxide. 
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The product of this reaction possessed a large melting point range and ap- 
peared to be a mixture of substances. A few attempts to isolate a pure 
component by fractional crystallization were unsatisfactory. 

Fortunately, another method of synthesis which was being investigated 
at the same time yielded a product more amenable to purification. This 
synthesis utilized as the starting material the diamino acid, which is ob- 
tained by hydrolysis of the ureylene ring of biotin with alkali (1), and was 
carried out as indicated in the accompanying reaction scheme. The final 
product and the intermediates were obtained as crystalline, well defined 








NH: NHs2-H2SO, NH: NH:2-H.2SO, 
CH——CH CH——CH 
| H20: | | COCl: . 
CH: CH(CH:.),COOH CH: CH(CH:),COOH 
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Ss s 
O 
Co CO 
f ™, 
NH NH NH NH 
1 | 
| aaa’ | 
CH: CH(CH:),COOH CH. CH(CH:),COOCH; 
oO O 


compounds. It isof interest that treatment of the diamino acid sulfate with 
excess hydrogen peroxide, under conditions which convert biotin quanti- 
tatively to the sulfone, did not cause oxidation beyond the sulfoxide stage. 
Of more immediate interest is the fact that the biotin sulfoxide methyl 
ester obtained in this synthesis possessed a melting point (196—199°) some 
20° higher than that of the biotin sulfoxide methy] ester isolated from milk 
or obtained by the direct oxidation of biotin methyl ester with hydrogen 
peroxide. 

The most obvious explanation for the discrepancy in melting points of 
the two esters, each of which gave correct analyses for the sulfoxide ester, 
is that the compounds are diastereoisomeric modifications made possible 
by the asymmetric nature of the sulfur atom in biotin sulfoxide (Fig. 1). 

To examine this possibility further, the direct oxidation of biotin with 
hydrogen peroxide was reinvestigated. It was possible to isolate, by virtue 
of its insolubility in alcohol, a small amount of a crystalline product melt- 
ing at 243-247°. From the alcoholic mother liquors a second product melt- 
ing at 200-203° was obtained by crystallization from acetic acid and ether 
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mixtures. The separatéd compounds differed markedly in solubilities, 
but both gave analytical values in agreement with those for biotin sulfox- 
ide. That the substances were indeed diastereoisomeric forms of biotin 
sulfoxide was demonstrated when it was found that each compound, on 
further treatment with hydrogen peroxide, was converted in good yield to 
biotin sulfone. It was also possible to reduce both compounds to biotin 
by means of zinc and hydrochloric acid. 

The sulfoxide isomer melting at 243-247° shows a specific optical rota- 
tion of —40°, while the specific rotation of the isomer melting at 200—203° 
is +130° in 0.1 N NaOH. For convenience, they are designated d-biotin 
l-sulfoxide and d-biotin d-sulfoxide, respectively, on the basis of the direc- 
tion of rotation. Under the conditions described for the oxidation of biotin 
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Fic. 1. Optical and cis-trans isomerism due to the asymmetric nature of the sulfur 
atom in biotin sulfoxide. 


with hydrogen peroxide, the d- and /-sulfoxides are produced in a ratio of 
roughly 4:1. 

For comparison with the sulfoxide ester isolated from milk, the d- and 
Lsulfoxides were converted to their methyl esters by means of diazo- 
methane. The biotin d-sulfoxide methyl ester so obtained showed a melt- 
ing point (178-180°) identical with that of the ester isolated from milk and 
from the direct oxidation of biotin methyl ester with hydrogen peroxide. 
The biotin /-sulfoxide and its methy] ester, on the other hand, were found 
to be identical with the corresponding compounds obtained by synthesis 
from the diamino sulfoxide via phosgene and diazomethane. 

The isolation of biotin sulfoxide from a milk concentrate does not, of 
course, constitute proof that the compound normally occurs in milk, since 
it may well have been produced from biotin during the isolation procedure. 
In any event, the ease with which biotin is converted to the sulfoxide does 
suggest that this reaction may be of importance from a biochemical point 
of view. A comparative study of the biological activities of biotin and 
the d- and /-sulfoxides in microorganisms and in the rat has been made (5). 
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EXPERIMENTAL 


The reported melting points were carried out with the aid of a polariz- 
ing microscope and a hot stage which had been calibrated against com- 
pounds with known capillary melting points. 

Isolation of Biotin Sulfoxide Methyl Ester from Milk—Various fractions 
of esterified milk residue concentrates, from which biotin methy] ester had 
been crystallized by a procedure previously described (6), were rechromat- 
ographed on alumina with a 10 per cent methanol and 90 per cent acetone 
mixture. An eluent fraction which contained 44 per cent biotin by assay 
was evaporated to dryness and was washed with ethyl acetate. The solid 
residue was sublimed in vacuo at 180°. The sublimate was crystallized 
from methanol and yielded 20 mg. of colorless needles, m.p. 178-180°. 


C1,;H130,N 38. Calculated. Cc 48.16, H 6.61, N 10.21, S 11.69 
274.3 Found. “ 47.93, “ 6.46, “ 9.77, “ 11.65 


This substance, when assayed against yeast (7), showed the same growth- 
promoting activity as biotin methyl ester. 

Preparation of Biotin Sulfoxide Methyl Ester from Biotin Methyl Ester— 
20 mg. of d-biotin methyl ester were dissolved in 1 ml. of warm glacial ace- 
tic acid, and to the solution was added 1 ml. of acetic acid containing 0.01 
ml. of aqueous 30 per cent hydrogen peroxide. The solution was heated 
at 85° for 10 minutes and the solvent was then removed in vacuo. The 
residue was dissolved in approximately 0.5 ml. of hot methanol. On 
standing at room temperature the solution deposited crystals which were 
removed and washed with a mixture of ether and methanol. Recrystalliza- 
tion of the material from a few drops of methanol yielded 11.5 mg. of small, 
triangular plates, m.p. 178-180°. 


Cy,His0,N28. Calculated. Cc 48.16, H 6.61, N 10.21, NS] 11.69 
274.3 Found. * 25. * 6a, * eae, ~ Te 


Preparation of Diamino Acid Sulfoxide Sulfate—To a solution of 26 mg. 
of diamino acid sulfate (1) in 3 ml. of 67 per cent aqueous acetic acid was 
added 0.2 ml. of 30 per cent hydrogen peroxide. The solution was allowed 
to stand at room temperature for 4 hours and then was evaporated in 
vacuo to remove the solvent. The residue was dissolved in 4 drops of 
water. The addition of approximately 2 ml. of ethanol yielded a mixture 
of crystals and oil which, after recrystallization from water-ethanol and 
water-methanol mixtures, gave 16.5 mg. of small rectangular plates, m.p. 
227-232° with decomposition. 


Cs sH207N Bo. Calculated. Cc 32.52, H 6.07, N 8.43 
332.4 Found. “< Say7, * 6.20, .“° Om 


Conversion of Diamino Acid Sulfoxide to Biotin—To 5.0 mg. of the di- 
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amino acid sulfoxide sulfate in 0.5 ml. of water were added 50 mg. of pow- 
dered zinc and 0.1 ml. of 3 N HCl. After 30 minutes an additional 0.1 ml. 
of HCl was added and the mixture was allowed to stand for 2 hours. The 
excess zinc was removed, the solution was made alkaline with NaOH, and 
_ the zinc hydroxide was removed by filtration. The filtrate was concen- 
had trated to approximately 0.5 ml., 0.5 ml. of 4 Nn NaOH was added, and the 
solution was treated with gaseous phosgene until it was acid. Crystals 


iz- 
om- 


= separated from the reaction mixture and were recrystallized from a few 
ssay drops of water to yield 3.0 mg. of needles, m.p. 226-231°. An authentic 


olid | sample of biotin melted at 227-231°. 
| Synthesis of Biotin |-Sulfoxide from Diamino Acid Sulfoxide Sulfate—53 


- mg. of diamino acid sulfoxide sulfate were dissolved in 5 ml. of cold 2 n 
NaOH. The solution was cooled in an ice bath, while gaseous phosgene 
was bubbled through until the solution was acid. The reaction mixture 
was evaporated to dryness in vacuo and the residue was extracted four 

wth- | times with 0.5 ml. portions of warm glacial acetic acid. The acetic acid 


was removed from the combined extracts in vacuo and the residue was dis- 
er— | solved in aqueous acetic acid and precipitated by the addition of ethanol. 
ace- | Repetition of this precipitation yielded 30 mg. of a white powder which 
0.01 was crystallized from 0.5 ml. of water to give 14.3 mg. of polymorphic 
ated | plates, m.p. 231-233° with decomposition. 


The 
On CicHicO.N2S. Calculated. C 46.14, H 6.20, N 10.76, S 12.32 
260.3 Found. “ 46.05, “ 6.38, “ 10.39, “« 12.42 
were 
ave A second preparation, after several recrystallizations from water, melted 
mall, 


at 238-243° with decomposition and showed an optical activity of [a]?” — 40° 
(¢ = 0.99 in 0.1 n NaOH). 

Approximately 4 mg. of the /-sulfoxide were treated with an excess of 

hydrogen peroxide in glacial acetic acid for 17 hours at room temperature. 
; mg. The product, after two crystallizations from water, melted at 272-276° 
was | Withdecomposition. A sample of biotin sulfone melted at 273-276° with 
ouell decomposition. 
A én A few mg. of the J-sulfoxide were converted to the methyl ester by sus- 
ps of pension of the compound in methanol and addition of an ether solution of 
utiene diazomethane in excess. After approximately 1 hour the solution was 
| and | “ncentrated to dryness and the residue was crystallized as fine needles, 
mp. | ™- 196-199°, from methanol. 

Preparation of d- and |-Sulfoxides from Biotin—Preliminary experiments 
on the direct oxidation of biotin with amounts of hydrogen peroxide calcu- 
lated to be sufficient to yield only the sulfoxide resulted in mixtures of 
products with wide melting point ranges. Further small scale experiments 


he di- | showed that the reaction mixture could be separated into two products by 
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fractional crystallization. The procedure finally adopted and carried out 
on a larger scale is described below. 

Biotin |-Sulfoxide—1 gm. of biotin was dissolved in 100 ml. of warm, gla- 
cial acetic acid. The solution was cooled to room temperature and 0.5 
ml. of 30 per cent aqueous hydrogen peroxide was added. The solution was 
kept at room temperature for 24 hours and then was concentrated to an oil 
in vacuo. The residue was dissolved in 2 ml. of glacial acetic acid, 100 ml. 
of absolute ethanol were added, and the solution was kept at refrigerator 
temperature for 2days. The fine, crystalline precipitate which formed was 
separated and washed with ethanol. The crystals, which weighed 218 mg., 
were crystallized four times from the minimal amount of water to yield 82 
mg. of polymorphic plates, m.p. 238-241° with decomposition, [a]? —39.5° 
(c = 1.01 in0.1 N NaOH). 


Ci0Hi160,N 2S. Calculated. Cc 46.14, H 6.20, N 10.76, S 12.32 
260.3 Found. “ ae, * 621, * Dae, “ Us 


Biotin d-Sulfoxide—The ethanolic mother liquor from the [-sulfoxide 
fraction was concentrated to an oil in vacuo. The residue was dissolved 
in 5 ml. of glacial acetic acid, 25 ml. of ethyl acetate.qwere added, and the 
solution was kept refrigerated for 2 days. The crystalline material which 
separated (559 mg.) was recrystallized from an acetic acid-ethanol mixture 
to yield 492 mg. of prismatic crystals, m.p. 200—203° with initial melting 
and recrystallization at approximately 175°. [aj +130° (c = 1.24 in 
0.1 nN NaOH). 


Ci0H1,0,N.8. Calculated. C 46.14, H 6.20, N 10.76, S 12.32 
260.3 Found. ** 46.25, ** 6.46, “* 11.00, “‘ 12.35 


By means of paper chromatography of the d- and /-sulfoxides (5) it was 
found that the substances prepared as described above contained only 
trace amounts of biotin or the isomeric sulfoxide. 

A few mg. of the d-sulfoxide were dissolved in acetic acid and treated 
with an excess of hydrogen peroxide for 16 hours at room temperature. 
Crystallization of the reaction product from water yielded needles melting 
at 274-277° with decomposition, the melting point of biotin sulfone. A 
small sample of the d-sulfoxide was esterified with diazomethane to give 
plates melting at 178-180°. The I-sulfoxide when treated similarly gave 
needles melting at 195-199°. 

Reduction of a sample of the d-sulfoxide was carried out by treatment 
with zinc dust and HCl. Needles of biotin melting at 228-231° were ob- 
tained. The /-sulfoxide appeared to be more resistant to reduction and 
gave a product melting at 226-230° which by paper chromatography (5) 
was found to contain appreciable amounts of sulfoxide as well as biotin. 
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Appreciation is expressed to Mr. Joseph Albert for carrying out some of 
the microanalyses reported in this paper. 


SUMMARY 


The oxidation of d-biotin with hydrogen peroxide under controlled con- 
ditions leads to the formation of biotin sulfoxide. The sulfoxide is pro- 
duced in two diastereoisomeric forms. Both isomers have been prepared 
in relatively pure form and have been designated d-biotin d-sulfoxide and 
d-biotin /-sulfoxide on the basis of their optical rotations. 

A crystalline substance isolated from an esterified milk residue concen- 
trate has been shown to be d-biotin d-sulfoxide methy] ester. 
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Biotin sulfone is readily formed by the oxidation of biotin with excess 
hydrogen peroxide (1). The biological properties of this compound have 
been described (2, 3). Biotin sulfoxide, the intermediate oxidation pro- 
duct, has not been adequately studied, and earlier observations were lim- 
ited to the effects of mild oxidizing agents on the biological activities of 
biotin preparations. Nielsen, Shull, and Peterson (4) treated biotin con- 
centrates with hydrogen peroxide and noted that the biological activity 
toward rats and Lactobacillus casei was destroyed, although the activity 
toward Saccharomyces cerevisiae was largely retained. Similar changes in 
microbiological activities were observed by Pavcek and Shull (5) when they 
treated biotin with ethyl linolate peroxide; these authors suggested that 
the formation of a sulfoxide might explain their results. Axelrod and Hof- 
mann (6) demonstrated a change in the microbiological spectrum of biotin 
which had been autoclaved in HCl solutions and proposed that sulfoxide 
and sulfone formation could account for the change. 

The preparation of two isomeric sulfoxides from biotin in well charac- 
terized form (7) made possible a study of the biological activities of these 
compounds toward various organisms. In this paper the comparative be- 
havior of biotin and of the d- and /-sulfoxides of biotin toward S. cerevisiae, 
L. casei, Lactobacillus arabinosus, and the rat are described. The results 
demonstrate a remarkably large variation in microbiological activity be- 
tween the two sulfoxides, which differ structurally only in the spatial con- 
figuration around an asymmetric sulfur atom. 


EXPERIMENTAL 


The d-biotin d-sulfoxide and d-biotin I-sulfoxide were prepared from d- 
biotin as previously described (7) and were recrystallized until they pos- 
sessed reasonably constant microbiological activities. 

Microbiological A ssays—Yeast assays were carried out with S. cerevisiae, 
Fleischmann strain 139, with the basal medium described by Snell, Eakin, 
and Williams (8) modified as described previously (9) and further modified 
to provide the following total amounts of vitamins per liter: inositol 5 mg., 
nicotinic acid 1 mg., p-aminobenzoic acid 200 y, calcium pantothenate 400 
¥, pyridoxine hydrochloride 900 y, 6-alanine 500 7, and thiamine hydro- 
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chloride 400 y. Assays were carried out in inclined test-tubes as described 
by Dittmer et al. (2). L. arabinosus 17-5 was grown in the medium previ- 
ously described (9), except that the concentration of pyridoxine hydro- 
chloride was raised to 450 y per liter. 10 ml. volumes of medium were used 
in test-tube assays, and growth was determined by measuring turbidities 
in a Klett-Summerson photometer (420 my filter) after incubation of the 
tubes for 2 days at 30°. L. casei ATCC 7469 was grown in the same me- 
dium used for L. arabinosus, with the addition of 200 mg. of asparagine 
and 10 y of folic acid per liter. In this case, the tubes containing 10 ml. 
volumes of inoculated medium were incubated for 3 days at 37°, and 
growth was measured by electrometric titration of the acid produced. 

Paper Chromatography—It was found that biotin and the d- and /-sulf- 
oxides could be effectively separated from each other by the use of water- 
saturated n-butanol as the mobile phase in ascending paper chromatog- 
raphy. 2 cm. wide strips of Schleicher and Schuell No. 595 filter paper 
were used, and the chromatograms were allowed to proceed until the but- 
anol had traveled 30 to 33 cm. from the point of application of the sample. 
After evaporation of the butanol, the strips were placed for 10 minutes on 
30 X 40 cm. agar plates which had been inoculated with S. cerevisiae, L. 
arabinosus, or L. casei. The plates were prepared by adding 4 gm. of agar 
to 270 ml. of the liquid media described above, autoclaving, cooling to 45°, 
and inoculating with the appropriate organism. At the end of the 10 min- 
ute leaching period the paper strips were removed and the plates were in- 
cubated under the same conditions used for the tube assays. The result- 
ing zones of growth were used for the calculation of Ry values. 

Rat Growth Experiments—Sherman strain albino rats were placed after 
weaning on a purified diet containing 39 per cent egg white (dried egg 
‘ white 90, casein 20, cystine 2, sucrose 90, Crisco 20, salts 8 parts, plus 
vitamins except biotin). After the first signs of biotin deficiencies had 
developed, pairs of animals were injected subcutaneously each day with 
aqueous solutions containing 1 y of biotin, 10 y of biotin d-sulfoxide, or 
10 y of biotin /-sulfoxide. 


Resulis 


Microbiological Assays—The growth activities of biotin and the isomeric 
sulfoxides toward the three test organisms are shown in Figs. 1 to 3. It is 
at once apparent that the sulfoxides show widely different growth-promot- 
ing powers. The d isomer is approximately 1000 times more active than 
the 1 form toward S. cerevisiae and 20 times more active than the / isomer 
toward L. arabinosus. Surprisingly, the relative activities toward L. casei 
are reversed; in this case the J isomer is much more active than the d form. 

Comparison of the activities of the sulfoxides with those of biotin toward 
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the test organisms again reveals wide divergencies. Toward S. cerevisiae 
and L. arabinosus, the d-sulfoxide exhibits growth-promoting activities 
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Fic. 1. Growth response of S. cerevisiae to biotin, biotin d-sulfoxide, and biotin 
l-sulfoxide. Each curve represents twelve experimental points. 
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Fig. 2. Growth res 
l-sulfoxide, 


which are identical with those of biotin; the slight but reproducible differ- 
ences evident in Figs. 1 and 2 disappear when the concentrations of biotin 
and d-sulfoxide are plotted on a molar rather than a weight basis. Toward 








506 PROPERTIES OF BIOTIN SULFOXIDES 


L. casei, however, biotin is some 40,000 times as active as the d-sulfoxide, 
The activity of the d-sulfoxide in this test was highly variable in replicate 
assays. As shown later, even this small amount of activity appears to be 
due to impurities present in the compound, and it appears probable that 
the d-sulfoxide possesses no growth activity for L. casei. The l-sulfoxide, 
on the other hand, shows appreciable activity toward L. casei; it is one- 
twentieth as active as biotin toward both L. casei and L. arabinosus. 
This isomer, however, has very little activity toward yeast.' 
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Fia. 3. Growth response of L. casei to biotin, biotin d-sulfoxide, and biotin I-sulf- 
oxide. Both the biotin and I-sulfoxide curves were drawn from ten experimental 
points and the d-sulfoxide curve from four. Replicate assays on the d-sulfoxide 
were highly variable; in some cases significant growth was not obtained at concen- 
trations below 10 y per tube. 





Inasmuch as biotin sulfone has been shown to exert a strong inhibiting 
effect on the growth activity of biotin toward L. casei (3), experiments 
were carried out to determine whether the sulfoxides exhibit similar anti- 
biotin effects. Each of the three test organisms was grown, with an amount 
of biotin sufficient to give one-half the maximal growth, in the presence of 
increasing amounts of the sulfoxides. In contrast to the sulfone, neither 
the d- nor [-sulfoxide showed any significant inhibiting effects in concen- 
trations up to 40 y of sulfoxide per assay tube. 


Chromatographic Analyses of Sulfoxides—With n-butanol as the develop- 


ing solvent in ascending paper chromatography, the approximate Ry values 


! Toward Escherichia coli mutant 81-78 the d-sulfoxide is approximately as active 
as biotin, while the /-sulfoxide is one-hundredth as active (personal communication 
from Dr. Bernard D. Davis). 
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for biotin, d-sulfoxide, and /-sulfoxide were 0.65, 0.25, and 0.15, respectively. 
For qualitative analysis, 2 y portions of the sulfoxides were chromato- 
graphed. Subsequent analysis of the strips by the agar plate method 
showed the presence of trace amounts of biotin and the isomeric sulfoxide 
in both the d- and /-sulfoxide samples. All three test organisms gave 
circles of growth at the position corresponding to the /-sulfoxide, demonstrat- 
ing that this isomer possesses intrinsic growth activity for these micro- 
organisms. On the other hand, the d-sulfoxide zone showed no stimula- 
tion of growth of L. casei, although the growth of S. cerevisiae and L. 
arabinosus was heavy, as expected. 

To study more quantitatively the inherent growth activities of the sulf- 
oxides, 2 y portions of the compounds were chromatographed on replicate 
strips which were then cut into biotin, d-sulfoxide, and /-sulfoxide zones. 
The separate portions were extracted with water and the extracts were as- 


TaBLe I 


Growth-Promoting Activities of Biotin d-Sulfoxide and Biotin l-Sulfoxide Compared 
to Biotin for Each of Three Microorganisms 








Biotin d-Sulfoxide | l-Sulfoxide 
—— — | | 
S. cerevisiae... wud owed 100 100 0.002 
L. arabinosus.... .; al 100 | 100 5 
L. casei... 100 <0.00001 5 





sayed by the tube methods. The results obtained demonstrated again 
that the d-sulfoxide shows no inherent growth activity toward L. casei; 
contamination with /-sulfoxide (1 per cent by L. casei assay, 4 per cent by 
L. arabinosus assay) and biotin (not more than 0.01 per cent) was sufficient 
to account for the growth response shown by the unchromatographed ma- 
terial. The inherent activity of the /-sulfoxide toward L. arabinosus and 
L. casei was confirmed as being 5 per cent of the activity of biotin in each 
case; contamination of this material with biotin or with d-sulfoxide was 
less than 0.1 per cent. On the other hand, the inherent activity of the 
l-sulfoxide toward S. cerevisiae was found to be considerably less than that 
indicated in Fig. 1 and amounted to approximately 0.002 per cent of the 
activity of biotin toward this organism. The relative activities of the 
sulfoxides toward the three test organisms, as compared to biotin, are given 
in Table I. 

Combination of Sulfoxides with Avidin—It has previously been shown 
that biotin sulfone, like biotin, combines with avidin (2). The compara- 
tive abilities of biotin and the d-sulfoxide to combine with avidin were 
tested by adding varying amounts of an avidin solution to solutions con- 
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taining 0.1 y of biotin or the d-sulfoxide, allowing the solution to stand for 
20 minutes, and then assaying the solution with S. cerevisiae. Both com- 
pounds behaved in similar fashion; in each case no yeast growth activity 
was detectable when 20 y or more of avidin were present, and increasing 
amouats of activity were evident as the avidin was decreased to 10, 5, 
and 2 +. 

Since the /-sulfoxide shows very low inherent activity toward yeast, the 
affinity of this isomer for avidin was tested with L. arabinosus. Plate as- 
says (9) of the /-sulfoxide and avidin mixtures with this organism gave es- 
sentially the same kind of results as were obtained with biotin and with 
the d-sulfoxide. 

Biological Conversion of Sulfoxides to Biotin—In view of the high biolog- 
ical activities of the sulfoxides in several of the microbiological assays, and 
the relative ease with which sulfoxides in general are reduced to the cor- 
responding sulfides, it seemed possible that enzymatic conversion of the 
sulfoxides to biotin might explain their growth activities. To investigate 
this possibility, S. cerevisiae cells which had been grown in the presence of 
d-sulfoxide were hydrolyzed and assayed with L. casei, and L. arabinosus 
cells grown in the presence of /-sulfoxide were hydrolyzed and assayed with 
S. cerevisiae, as described below. 

80 ml. of medium to which 0.2 y of d-sulfoxide had been added were in- 
oculated heavily with washed cells of S. cerevisiae and the mixture was in- 
cubated at 30° for 23 hours. The cells were separated and autoclaved 
with 1 ml. of 2 Nn H.SO, for 2 hours, and the mixture was neutralized with 
NaOH. Both the neutralized cell hydrolysate and the medium in which 
the cells had been grown were assayed by the L. casei method. As a con- 
trol, the same experiment was carried out with 0.2 y of biotin in place of 

the d-sulfoxide. 

Assays with L. casei and with yeast showed very little growth activity in 
the media at the end of the incubation period in both the biotin and the 
d-sulfoxide experiments. The cell hydrolysates, on the other hand, showed 
activity toward L. casei equivalent to 0.130 y of biotin when biotin was 
the added growth factor and 0.124 y of biotin when the d-sulfoxide was 
used. Assays of hydrolyzed inoculum showed that it contributed an in- 
significant amount of growth activity. This indication of conversion of 
the sulfoxide to biotin was corroborated by paper strip chromatograms of 
the cell hydrolysates, which gave yeast growth zones at R, 0.25 and 0.60, 
the zones corresponding to those of d-sulfoxide and biotin. 

In the case of the /-sulfoxide, experiments similar to those described for 
the d isomer were carried out with media heavily inoculated with L. arabino- 
sus. In this case, 0.4 y of I-sulfoxide and 0.2 y of biotin were used in sep- 
arate growth experiments. Again, the supernatant liquids of the growth 
media showed relatively insignificant activities toward yeast at the end of 
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the 2 day incubation period. Yeast assays of the neutralized cell hydrol- 
ysates revealed the presence of appreciable quantities of growth factors, 
but the increases were difficult to evaluate quantitatively because of con- 
siderable differences in the yeast growth activity when the solutions were 
assayed at different dilutions over a 10-fold range. The cells grown with 
biotin showed recoveries of “biotin” in the range of 0.04 to 0.10 y; for the 
cells grown in the presence of /-sulfoxide the values ranged from 0.0065 to 
0.05 y. These latter values represent a 50- to 400-fold increase in activity 
toward S. cerevisiae. That appreciable amounts of biotin as well as of 
sulfoxide were present in the cell hydrolysate was also indicated by paper 
chromatography and analysis of the chromatograms on yeast-inoculated 
agar plates. 

While the preceding results suggest that both the d- and I-sulfoxides are 
converted, in part, at least, to biotin in the process of utilization by micro- 
organisms, control experiments demonstrated that the yeast growth ac- 
tivity of the /-sulfoxide could be increased markedly simply by the condi- 
tions of acid hydrolysis used in preparing the cells for assay. When 0.2 y 
samples of /-sulfoxide were autoclaved with 1 ml. of 2 nN H.SO, for 2 hours, 
and the solutions then neutralized and assayed with S. cerevisiae, yeast 
growth activities equivalent to 0.0066 to 0.0076 7 of biotin were obtained; 
this is a 30- to 35-fold increase in growth activity. No increase in activity 
was observed when biotin or the d-sulfoxide was treated similarly. In 
addition, no increases in activity of the /-sulfoxide were evident when this 
compound was autoclaved with growth medium without the addition of 
acid or when treated with H.SO, without heating. 

If the increased yeast growth activity of acid-autoclaved I-sulfoxide were 
due to transformation of part of the sulfoxide to biotin, there should be an 
appreciable increase in the growth activity toward L. casei. However, as- 
says with L. casei showed no significant change in activity due to the acid 
treatment. Paper chromatograms of the acid-treated I-sulfoxide solu- 
tions showed multiple zones of growth with S. cerevisiae and were quite 
similar to chromatograms of acid-treated yeast cells which had been grown 
in the presence of I-sulfoxide, except that in the latter case the biotin zone 
showed much denser growth. In both cases, strong growth zones were 
present at R » 0.25; this corresponds to the R, value of the d-sulfoxide and 
of biotin sulfone. 

Further work is necessary to determine the structural changes which 
occur during the acid treatment of the /-sulfoxide. It is of interest that 
the d-sulfoxide does not appear to undergo such changes. Assays of acid- 
treated d-sulfoxide with S. cerevisiae and L. casei showed no increases in 
growth activity, and paper chromatograms of the acid-treated material 
showed only one growth zone for yeast at Ry 0.25. 

Effect of Sulfoxides on Biotin-Deficient Rats—Daily injections of either 
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the d- or l-sulfoxide at a level of 10 y per day failed to prevent the eventual 
death of biotin-deficient rats, although the life of the animals was prolonged 
beyond that of control animals receiving no treatment (Fig. 4). During 
the period of injections the deficiency symptoms of the sulfoxide-treated 
animals became more pronounced, and at death the animals exhibited a 
severe deficiency syndrome. Animals receiving 1 y of biotin daily showed 
rapid gains in weight and a loss of the deficiency symptoms. Since the 
minimal daily curative dose of biotin for the rat is 0.1 y (2), it can be con- 
cluded that the d- and /-sulfoxides possess less than 1 per cent of the ac- 
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Fig. 4. Representative growth curves of biotin-deficient rats maintained on an 
egg white diet and injected daily with 1 y of biotin, 10 y of biotin d-sulfoxide, or 10 
‘ y of biotin l-sulfoxide. The arrows indicate the beginning of the injections; the 
crosses indicate the death of the animals. 


tivity of biotin in curing deficiency symptoms in the rat. The presence of 
traces of biotin in the sulfoxide samples precluded the possibility of ob- 
taining unequivocal results from the administration of larger amounts of 
the compounds. 


DISCUSSION 


The availability of the d- and /-sulfoxides of biotin provides an excellent 
opportunity to study the effects of stereoisomerism on the biological ac- 
tivity of sulfoxides. Only rarely have biologically active sulfoxides pre- 
sented themselves for study; other examples are alliin, the sulfoxide of 
S-allyleysteine (10), and methionine sulfoxide, which acts as a metabolie 
antagonist of glutamic acid (11). The isomeric sulfoxides of biotin show 
by far the most pronounced effects of stereoisomerism on biological ac- 
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tivity. The great difference in activities of the d- and /-sulfoxides toward 
yeast (Table I) suggests strongly that utilization of the d isomer depends 
on the presence in yeast of an enzyme system which is stereochemically 
highly specific for this isomer. The evidence which has been presented to 
show that the d-sulfoxide is converted to biotin by yeast suggests further 
that the mechanism of utilization may depend upon the presence of a 
highly specific ‘‘d-sulfoxide reductase.” This enzyme must be absent from 
L. casei. If the utilization of the / isomer is dependent on a similar stereo- 
specific enzyme system, this system is much more active in the Lactobacilli 
than in yeast. While there is little doubt that the sulfoxides are converted 
in part to biotin, it is possible that the sulfoxides per se may be active in 
the metabolic processes of these organisms. In this respect, it is of interest 
that the cells from each of the three microorganisms, when grown in the 
presence of biotin, contained a yeast growth factor with Ry 0.10 to 0.15, 
which corresponds to the Rr value of the /-sulfoxide.? 

The effects of the sulfoxides in prolonging the life of biotin-deficient 
rats (Fig. 4) cannot be clearly interpreted on the basis of the present lim- 
ited data. It is interesting to note that biotin sulfone will exert a curative 
effect when injected into biotin-deficient rats at a level of 100 y per day, a 
dosage 10 times that used in the present studies with the sulfoxides. The 
present experiments do demonstrate that the sulfoxides are utilized much 
less efficiently than is biotin in the rat. 

The microbiological activities of the biotin sulfoxides described in this 
paper are in conformity with the results obtained by other workers, men- 
tioned earlier, after treatment of biotin preparations under mild oxidizing 
conditions (4-6). It is evident that sulfoxide formation can occur with 
greatease. Traces of a yeast growth factor which is apparently the d-sulf- 
oxide (Ry 0.25) have been found after chromatography of samples of both 
synthetic and natural crystalline biotin. The losses in activity of am- 
poules of aqueous biotin solutions reported by Gallant and Toennies (13) 
may be due in part to sulfoxide formation. We have found that the test 
organism used by these authors, Streptococcus faecalis, shows a growth 
response to the d- or /-sulfoxide which is less than one-thousandth of that 
observed with biotin. 

To determine the extent to which the sulfoxides might be present in 
standard biotin solutions, we have examined aqueous biotin solutions 
which had been sealed in Pyrex ampoules, autoclaved, and kept refrig- 
erated. The ampoules contained 2 ml. of biotin solution at a concentra- 
tion of 10 y per ml. and an approximately equal volume of air. Chroma- 
tography of the solution from an ampoule which had been prepared 1 year 


*A growth factor recently isolated from culture filtrates of Aspergillus niger has 
been identified as biotin l-sulfoxide (12). 
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earlier showed that 2 per cent of the yeast growth activity was due to d- 
sulfoxide. An ampoule prepared 2 years before testing contained 4 per 
cent of the d-sulfoxide. An ampoule which was heated for 5 days at 100° 
lost 15 per cent of its yeast growth activity; of the remaining activity, 25 
per cent was due to d-sulfoxide. The much more extensive loss of activity 
found by Gallant and Toennies in refrigerated biotin solutions suggests 
that the present data may represent minimal rates of sulfoxide formation, 


ID 


SUMMARY 


It has been found that the isomeric sulfoxides of biotin vary widely in R 
their ability to replace biotin as a growth factor for microorganisms. 


Biotin d-sulfoxide is fully as active as biotin in promoting the growth of obs 
Saccharomyces cerevisiae and Lactobacillus arabinosus, but shows no de- larg 
tectable activity toward Lactobacillus casei. In contrast, the /-sulfoxide Eres 
shows relatively negligible activity in supporting the growth of S. cere- and 
visiae, but is 5 per cent as active as biotin for L. arabinosus and L. casei. | oom 
Chromatographic analysis has provided evidence to show that the sulfox- tion 
ides are converted in part to biotin during their utilization by microorgan- liter 
isms. Further studies have established that the sulfoxides, like biotin, | jhe 
! combine with avidin, but, unlike biotin sulfone, possess no appreciable ht 
antibiotin properties. The sulfoxides were ineffective in curing the biotin | aqq, 
deficiency syndrome when administered to rats at a level 100 times the ef- | whe 
fective dose of biotin. cory 
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BIOSYNTHESIS OF RIBOFLAVIN* 
I, INCORPORATION OF C'*-LABELED COMPOUNDS INTO RINGS B AND C 
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Riboflavin is known to be synthesized by a large number of microorgan- 
isms. Peterson and Peterson (1) listed some 75 bacterial species that were 
observed to produce this vitamin, some of which produced it in unusually 
large amounts. Among the latter were Clostridium acetobutylicum (2), 
Eremothecium ashbyii (3), candida sp. (4, 5) Mycobacterium smegmatis (6), 
and Ashbya gossypii (7). Many of these organisms have been used in the 
commercial production of riboflavin, and many claims of optimal condi- 
tions for growth and biosynthesis of this vitamin can be found in the patent 
literature. Nevertheless, until recently no attempt was made to study 
the mechanism of biosynthesis of this interesting molecule (8, 9). 

In the present study several simple radioactive organic compounds were 
added to growing cultures of a riboflavin-producing organism to determine 
whether and where the individual atoms of the added substance were in- 
corporated into the vitamin molecule. This approach was used to ascer- 
tain a pattern which might make it possible (with the help of known meta- 
bolic pathways) to determine ultimately the real precursor substances 
which are fitted together in the enzymatic synthesis of the vitamin. 

A. gossypii was used in these studies mainly because an excellent strain 
was readily available and because optimal conditions for growth and ribo- 
flavin production for it have been described in the literature (10). 


Materials and Assays 


N-Methyl-4 ,5-dimethyl-o-phenylenediamine hydrochloride was prepared 
from 3,4-xylidine' (11, 12). Lumiflavin was synthesized by the method 


* This work was presented in part before the American Society of Biological Chem- 
ists at Chicago, April, 1953, and the American Chemical Society at Chicago, Sep- 
tember, 1953. Supported in part by a grant from the Wisconsin Alumni Research 
Foundation and in part by a research grant (No. H-1279) from the National Heart 
Institute, National Institutes of Health, United States Public Health Service. This 
work was done during the tenure of an Established Investigatorship of the American 
Heart Association. 

‘We wish to thank Dr. M. Tishler and Dr. E. H. Pierson of Merck and Company, 
Ine., for generous supplies of 3,4-xylidine. 
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of Kuhn and Reinemund (12). Crystalline riboflavin was purchased from 
Merck and Company, Inc. 

C'-Formate, methyl- and carboxyl-labeled acetate, and C*-glycine were 
purchased from Tracerlab, Inc. BaC™“QO; was obtained from the Atomic 
Energy Commission. Glucose-]-C' was prepared by Dr. Horace Isbell of 
the National Bureau of Standards. 

Riboflavin was determined fluorometrically (10). Counts of radioac- 
tivity were made with a Q gas counter with dry samples mounted on flat 
bottomed aluminum dishes. All counts were corrected for background and 
self-absorption (13). The accuracy of the count in all cases was at least 
+5 per cent, except for certain degradation fractions which exhibited weak 
specific activities. 


EXPERIMENTAL 


A. gossypii, NRRL 1056,? was grown in shake flasks on a natural medium 
containing corn steep liquor, peptone, and glucose, as described by Tanner 
et al. (10).2 Under these experimental conditions a maximal riboflavin 
yield of 400 to 500 y per ml. was routinely obtained in 4 to 5 days. In 
general the labeled compound under consideration was added to the grow- 
ing cultures on the 2nd day of incubation (average riboflavin content of 
the fermentation, 100 y per ml.) and kept in contact for 3 to 6 hours. At 
the end of this period growth was stopped by heating at 80° for 30 minutes, 
and coagulated proteins were removed by filtration. Synthetic riboflavin 
was then added asa carrier. Reduced riboflavin was precipitated from the 
filtrate by the hydrosulfite reduction procedure (14); the crude vitamin 
obtained was crystallized from 75 per cent isopropanol (15) and recrystal- 
lized from dilute acetic acid (16). 

Degradation Procedure for Carbons 2 and 4—Riboflavin was converted to 
lumiflavin by a modification of the procedure of Warburg and Christian 
(17). Lumiflavin was dissolved in 2 nN sodium hydroxide and heated at 
100° for 30 minutes. The oxo acid formed, m.p. 215°, was isolated ac- 
cording to Kuhn et al. (18, 19); from the same reaction mixture urea (carbon 
2) was isolated and characterized as dixanthylurea. The oxo acid was 
placed in a Hickman molecular pot still fitted with a gas inlet and outlet 
tube. A slow stream of nitrogen was passed through the apparatus. The 
still pot was heated to 215-220°, leading to the decarboxylation of the acid. 
The lactam formed, m.p. 173-174° (18, 19), sublimed to the condenser, and 
the carbon dioxide (carbon 4) from the carboxyl group was swept out of 


2 We wish to thank Dr. H. J. Koepsell, Northern Regional Research Laboratory, 
for procuring this culture for us. 

3 The skilled technical assistance of Mrs. Judith Murphy in this part of the investi- 
gation is gratefully acknowledged. 





the 
The 


bon 
CM 
The 
of f 


two 


CH 


CH 


Nt 


from 


were 
omic 
ell of 


lioac- 
n flat 
d and 
; least 
weak 


edium 
‘anner 
flavin 
s. In 
grow- 
ent of 
s. At 
nutes, 
oflavin 
om the 
itamin 
rystal- 


rted to 
ristian 
ited at 
ted ac- 
carbon 
id was 
| outlet 
4 The 
he acid. 
ser, and 
, out of 


oratory, 


» investi- 





YUM 


G. W. E. PLAUT 515 


the apparatus by the nitrogen stream into a barium hydroxide solution. 
The degradation procedure is schematically represented in Fig. 1. 

Several isotopic compounds were tested as possible precursors of car- 
pons 2 and 4; specifically, C'*-formate, C'*-bicarbonate, C“H;COOH, CH;- 
C“OOH, totally labeled glucose, NH2xC“H,COOH, and NH,CH,C“OOH. 
The data in Table I reveal that of all the compounds tested only the carbon 
of formate was incorporated to any significant extent into position 2. In 
two separate trials, 3 and 6 hours incubation, respectively, in the presence 
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Fig. 1. Degradation for carbons 2 and 4 


of HC“OOH, at least 95 per cent of the radioactivity of the riboflavin 
molecule could be accounted for in carbon 2 alone. It should be noted 
further that no significant labeling of position 4 could be observed; in 
contrast, NaHCO; led to predominant labeling of carbon 4. In all trials 
with NaHC“O; the specific activity of the riboflavin isolated was con- 
siderably less (when compared to the activity of added compound) than 
that obtained with other precursor substances. This is probably due to 
dilution of isotope by the large carbon dioxide pool of the growing cultures. 
Aside from NaHCO; only carboxyl-labeled acetate led to an appreciable 
labeling of carbon 4. This is not surprising in view of the demonstration 
of the probable presence of the Krebs’ cycle in A. gossypii (20). It is 
difficult to determine from data of this nature whether the radioactivity of 
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the carboxyl of acetate is incorporated into carbon 4 of riboflavin by way 
of oxidation of acetate through one turn of the cycle, followed by fixation 
of the C“O, formed, or by a more direct route. 

Degradation Procedure for Carbons 9a + 4a—Carbons 9a and 4a are 
shared by rings B and C of riboflavin. A direct method of degradation for 
these carbons has not been devised as yet, but their radioactivity can be 
ascertained by the difference of the specific activities of two degradation 
products, namely the lactam and N-methyl-4 ,5-dimethyl-o-phenylenedi- 
amine. Lactam, m.p. 173-174°, was prepared from lumiflavin by the 
procedure previously described. Kuhn and Weygand (21) indicated that 
an N-methylphenylenediamine could be obtained from lumiflavin upon 


TaBLe [ 
Distribution of Label in C-2 and C-4 


























Compound added Riboflavin | Lumiflavin | C-2 (urea) | Oxo acid _GooH Lactam 
of oxo acid 
sox i. per cent* per ceni* per cent* per cent* per cent* 
| a Pr ere 64 100 100 4t 0 0 
a 2 96 0 95 88 2t 
CORIO Fo. ces 77 62 1t 60 1t 61 
6 "3 |. 260 80 3 78 20 59 
Totally labeled glucose.| 160 83 | 3 79 Ot 80 
CH:NH:2C“OOH........ 127 9 | If 86 5 96 
C“H,NH2COOH........ 173 93 | 0 84 0 89 














* Per cent of riboflavin specific activity. 
t Statistical significance of the count questionable. 


drastic alkaline hydrolysis. The following degradation procedure was de- 
veloped on the basis of this observation: 25 to 30 mg. of lumiflavin were 
dissolved in 16 ml. of 5 N sodium hydroxide, and the solution was heated at 
150° for 10 hours in a stainless steel bomb tube. At the end of the heat- 
ing period, the contents of the tube were cooled to room temperature. The 
aqueous solution was extracted with four to five 50 ml. portions of ether. 
The combined ether layer was dried over potassium hydroxide pellets for 
3to4hours. The ether was removed in vacuo. The residual material was 
dried in vacuo at 40° for 2 hours and subsequently dissolved in 3 to 4 ml. 
of anhydrous ether. When HCl gas was passed through the ether solution, 
the hydrochloride of the diamine precipitated. It was filtered with suction 
and washed on the funnel with 2 to 3 ml. of anhydrous ether and dried in 
vacuo over soda lime at 50° for 6 to 8 hours. 8 to 12 mg. of N-methyl-4,5- 
dimethyl-o-phenylenediamine hydrochloride, m.p. 190-191°, were obtained. 
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The diamine hydrochloride prepared by degradation showed no melting 
point depression when mixed with a synthetic preparation. This phen- 
ylenediamine was further characterized by conversion to the N-methyl- 
benzimidazole derivative by the procedure of Brink and Folkers (22) for 
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Fig. 2. Degradation for carbons 4a + 9a 
TaBLeE II 
Incorporation in Carbons 4a + 9a 
The figures refer to per cent of riboflavin specific activity. 
Compound added Lactam Amine Coa + Cra 
(a) (b) (a) — (6) 
C“H;COOH.... Avtthwlessehabeeen 61 61 0 
CH;C“OOH.... ere cre 59 55 4 
Totally labeled glucose..... Site aetna aioe 80 84 —4 
Glucose-1-C™%...... nee puidatnee 78 80 —2 
CH:NH,C“OOH . os hee hae are 96 2 94 
C“H,NH.:COOH . y Spe 89 2 87 

















the preparation of 5,6-dimethylbenzimidazole. The N-methylbenzimida- 
wole formed by this method was recrystallized from n-heptane, m.p. 146°. 
There was no depression of melting point when N-methyl-5 ,6-dimethy]- 
benzimidazole prepared from synthetic diamine was mixed with that made 
by degradation. The molar specific radioactivities of the N-methylphen- 
ylenediamine and its benzimidazole derivative were in agreement. The 
degradation procedure is schematically represented in Fig. 2. 
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When the radioactivity of the lactam and amine moieties from labeled 
acetate or glucose was compared, no significant differences were found, 
indicating no incorporation into carbons 9a + 4a (Table II). This ob- 
servation seemed to preclude the possibility that intermediates of gly- 
colysis or the Krebs’ cycle played a réle in the formation of these carbons, 
NH.C“H,COOH and NH:CH.C“OOH were then tested as precursor com- 
pounds. It is apparent that the glycines were not only incorporated into 
these positions, but appeared there predominantly (Table II). It is of 
interest in this connection that the a-carbon of glycine does not appear 
in carbon 2 of riboflavin, the formate position (Table I). This would tend 
to suggest that this organism is unable to convert the a-carbon of glycine to 


CHs | C8a ac 


4 NH 
CHs | oN Y. \ 
\ 


N ' i \ 
RIBOFLAVIN o%, . 
| NH,CH,COOH “CO, HCOOH 


a Sara 
ina he 


7 
PURINE (URIC ACID) N n 


Fig. 3. Comparison of the site of incorporation of radioactive compounds into a 
purine and into riboflavin. 


a l-carbon fragment on the oxidation level of formate or formaldehyde 
(23). 


DISCUSSION 


An inspection of the pattern of C™“ incorporation into rings B and C of 
riboflavin reveals a striking similarity to that observed in the pyrimidine 
portion of the purine, uric acid (24, 25). This relationship has been pic- 
tured in the accompanying scheme, Fig. 3. Thus C'-formate is incor- 
porated into position 2 in flavin and into position 2 (and 8) in purines; 0" 
from CO, (and CH;C“OOH) appears in carbon 4 and carbon 6, respec- 
tively; and the carbons of glycine in positions 4a + 9a and 4 + 5, respec- 
tively. It has been demonstrated that the nitrogen of glycine appears in 
position 7 of uric acid (25, 26). In an experiment with N'*-glycine the 
nitrogens of riboflavin were partitioned into atoms 1 + 3 and 9 + 10. 
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The 9 + 10 nitrogens contained 30 times more N* than the 1 + 3 nitrogen 
portion. The nature of the distribution of the glycine nitrogen in ribo- 
flavin lends further support to the similarity of this molecule in apparent 
metabolic make-up to that of the purines. It is of interest in this connec- 
tion that MacLaren (27) has reported a stimulation of riboflavin produc- 
tion by £. ashbyii upon the addition of certain purines to a synthetic 
growth medium. This does not necessarily mean, however, that purine 
carbon chains participate directly in riboflavin synthesis. 

In view of the effect of folic acid on the incorporation of C'-formate into 
position 2 and 8 of purines (28, 29), it is tempting to speculate on the possi- 
ble réle of this microvitamin in the biosynthesis of the macrovitamin, 
riboflavin. 


SUMMARY 


Ashbya gossypii was grown in shake flasks. At the time of maximal rate 
of riboflavin production, isotopic compounds were added to the growing 
yeast and left in contact for 3 or 6 hours. When C'-formate was added, 
almost all of the radioactivity of the riboflavin molecule was situated in 
carbon 2. With C'-bicarbonate, predominant labeling of carbon 4, and 
none in carbon 2, resulted. Carbon 4 was also labeled when CH;C“OOH 
was used, but not when C'H;COOH or glucose was employed. 90 to 100 
per cent of the radioactivity in riboflavin was in the C-4a + C-9a portion 
when NH,C“H»,COOH or NH:CH:C“OOH was a precursor. The label 
pattern of ring C of riboflavin is reminiscent of that of the pyrimidine 
portion of the purines. 


I wish to thank Miss Patricia Broberg for excellent technical assistance 
throughout the course of this investigation. 
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SYNTHESIS AND METABOLIC STUDIES OF 
17-METHYL-C"-TESTOSTERONE* 
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According to the report of Miescher and Tschopp (1), 17-methyltes- 
tosterone, a synthetic homologue of testosterone, possesses greater activity 
by enteral administration than the natural hormone. This comparatively 
high oral androgenic activity was further investigated in rats (2), capons 
(3), and man (4, 5). Despite the interest in this material, only certain 
aspects of its metabolism have been studied. Biskind (6) and Burrill and 
Greene (7) have concluded from their experiments that methyltestosterone 
is inactivated during passage through the liver. Levedahl and Samuels 
(8) have investigated the metabolism of this compound in vitro by liver 
tissue. 

In a continuation of the study of labeled androgens in these laboratories 
(9), 17a-methyl-C'*-testosterone, a compound prepared by MacPhillamy 
and Scholz (10) in 1949, was made from 17a-methyl-C-A*-androstene- 
38,178-diol by an Oppenauer oxidation. The excretory pattern of this 
compound in the rat was examined in the same manner as that reported 
previously for the radioactive diol (11). In addition, preliminary investi- 


gation was made of the types of metabolites excreted in the urine of normal 
animals. 


EXPERIMENTAL 


Preparation of 17a-Methyl-C'*-testosterone—Radioactive methyltestos- 
terone was prepared by a modification of the procedure described by 
Oppenauer (12). Since Johnson and Skrimshire (13) have shown that 


* This paper is based on work performed under contract No. AT(11-1)-201 between 
the Atomic Energy Commission and St. Louis University, and was aided by a grant 
from the Damon Runyon Memorial Fund for Cancer Research, Inc., New York. The 
material presented herein was taken from a dissertation submitted to the Graduate 
School of St. Louis University by Paul M. Hyde in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy in Biochemistry. A preliminary report 
containing a portion of these data was presented before a meeting of the Federation 
of American Societies for Experimental Biology in Chicago, April, 1953. 

t Present address, Department of Medicine, University of Washington School of 
Medicine, Seattle, Washington. 
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cyclohexanone has a higher oxidation-reduction potential than acetone and ger 
higher yields are obtained with the former (14), this material was chosen [| tos 
as the hydrogen acceptor in the Oppenauer reaction. 10 gm. of cyclo- Th 
hexanone were redistilled under anhydrous conditions into a 50 ml. flask wa: 
containing 74 mg. (0.243 mm) of 17a-methyl-C'-A*-androstene-38 , 178-diol q 
(11). After the addition of 11 ml. of dry toluene to the mixture, the solu- Tal 
tion was heated to 106° and any water present was removed by azeotropic | ter 
distillation. 1.5 ml. of toluene containing 1.34 mm of aluminum tertiary 
butoxide, prepared by the procedure of Adkins and Cox (15), were added 
to the refluxing solution; heating was continued for 3 hours. The reaction Bre 
mixture was then poured into an ice bath and 0.4 ml. of glacial acetic acid — 
was added to insure decomposition of the alkoxide-steroid complex. After 
steam distillation, the residual aqueous solution was extracted four times 
with 50 ml. portions of benzene, and the extracts were combined and — 
washed successively with 30 ml. portions of 5 per cent hydrochloric acid, 
water, 5 per cent sodium bicarbonate, and three times with water. The 
extract was reduced in volume to about 50 ml., and the cooled solution was 
chromatographed on neutral alumina (16). Previous chromatographic vile 
experiments had shown that the reagents and the desired product were A 
\ readily separable. A second purification on a column of neutral alumina | — 
and recrystallization from 80 per cent methanol yielded 61 mg. (83 per cent) 
of 17a-methyl-C'-testosterone, m.p. 164.5-165°, log « = 4.19 at 240 mu. 
The melting point was not depressed upon admixture with authentic 17a- | — 
methyltestosterone,! m.p. 164.5-165°, loge = 4.19 at 240 mu. A 
After oxidation by the Van Slyke-Folch procedure (19) and counting - 
with a thin window Geiger tube (1.8 mg. per sq. cm.), radioactive methyl- 
testosterone was found to have a specific activity of 2.3 we. per mg. by 
’ comparison with a standard sample of BaC™O; (11). 

Elimination of C"* in Bile, Urine, Feces, and Expired Air—Male rats (5 to | — 

6 months old) of the St. Louis University colony, weighing more than 300 A 
gm., were used for the three types of experimental animals: normal con- E 
trols (NC), animals with ligated bile ducts (DL), and those with bile ducts 
cannulated with plastic tubing (BFt). Surgical treatment of these animals nt 
was the same as that previously described (11). All animals were given 100 
amounts of the order of 0.2 mg. (1.1 X 10® disintegrations per minute)’ of rad 
methyl-C-testosterone in 1 ml. of 50 per cent ethanol by stomach tube. 


; ; wie sae 4 let 
This quantity was selected because it is physiologically active as an andro- P 


anit 
1 Kindly supplied by Parke, Davis and Company, Detroit. For their products, fistt 
Ruzicka et al. (17) reported 163-164°; Miescher and Klarer (18), 165-166° (corrected). of ¢ 
2 The radioactivity of all samples is expressed as disintegrations per minute in- 


‘ : : Tem 
stead of counts per minute, since all samples were compared with a calibrated sample T 
of BaC™O; prepared from a sample of NasC™“O; obtained from the National Bureau 
of Standards. by ( 
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gen in rats (2) and is the same amount given in the experiments with tes- 
tosterone-4-C“ (20) and 17a-methyl-C'-A*-androstene-38 ,178-diol (11). 
The excreta were collected for a period of 4 days and the radioactivity 
was determined as reported previously (21). 

The percentages of C' found in the bile, urine, and feces are given in 
Table I. The NC animals excreted from 57 to 90 per cent of the adminis- 
tered radioactivity in the feces and the remainder, from 14 to 41 per cent, 


TaBLe I 


Excretion of Radioactivity after Intragastric Administration of Methyl-C"4-testosterone* 





























Per cent of administered C“ 
Type of animal 

Urine Feces Bile Total 
Normal NC-1 41 57 98 
NC-2 33 64 97 
NC-3 16 90 106 
NC4 14 88 102 
EE, eee Pee , 26 75 101 
Ligated bile duct DL-1 100 0 100 
DL-2 93 4 97 
DL-3 91 8 99 
a 5 pain e-eh ud eis vaom a beatae wi 95 4 99 
Bile fistula BFt-1l 7 0 74 81 
BFt-2 32 2 60 94 
| BFt-3 39 0 57 96 
BFt-4 31 2 59 92 
en fen iy phe ec ie aca ; 27 1 63 91 

















*0.2 mg. (1.1 X 106 disintegrations per minute) in 1.0 ml. of 50 per cent ethanol. 


in the urine during the experimental period. In the DL rats, from 91 to 
100 per cent of the radiocarbon given was present in the urine. That 
absorption of radioactivity from the gastrointestinal tract was almost com- 
plete is indicated by the small amount of C™ found in the feces of those 
animals with ligated bile ducts (from 0 to 8 per cent) or those with bile 
fistulas (from 0 to 2 per cent). The latter excreted from 57 to 74 per cent 
of the administered isotopic carbon in the bile and practically all of the 
remainder in the urine. 

The expired air was collected by a modification of the procedure reported 
by Grady et al. (22). No radioactivity was detected in any of these sam- 
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ples by a gas flow Geiger counter. Within the limits of the procedure, 
the maximal amount of C“ present must have been less than 0.5 per cent. 

Fig. 1 shows the daily excretion of radiocarbon from each of the three 
types of biological experiments. In each case, more than 50 per cent of 
the C“ was excreted during the first 24 hours. The presence of radioac- 
tivity in the feces of the NC animals on the 3rd day might be anticipated 





NC @ DL® B Fe (4) 


8 8 ° 
al 


% OF ADMINISTERED Cc” 
Sy 























1234 1234 34 
DAYS 


Fic. 1. Average daily excretion of C'*. All rats were given 0.2 mg. of 17-methyl- 
. C-testosterone in 1 ml. of 50 per cent ethanol by stomach tube. NC, normal ani- 
mals; DL, animals with ligated bile ducts; BFt, animals with bile ducts cannulated 
with tubing. The heights of the bars represent total daily excretion expressed as 
percentage of radioactivity given. The excretion in the feces is depicted by the solid 
bar, in the bile by the diagonally lined bar, and in the urine by the clear bar. The 
number of rats is given in parentheses. 


from the occurrence of 25 per cent of the administered activity in the bile 
on the 2nd day of the BFt rats. 

Fractionation of Radiometabolites Excreted in Urine—Samples of urine 
from the four normal animals were combined, adjusted to pH 7, and 
heated on the steam bath for 30 minutes. Radioassay of this solution 
showed that it contained 978,000 disintegrations per minute. The residue 
contained about 2 per cent of the total radioactivity after centrifugation 
and decantation of the liquid fraction. After extraction of the liquid frac- 
tion with ether for 24 hours, the aqueous phase was adjusted to pH 1 and 





ceiv 


jure, 
cent. 
three 
nt of 
ioac- 
rated 


methyl- 
nal ani- 
nulated 
essed as 
the solid 
ur. The 


the bile 


f urine 
7, and 
solution 
residue 
fugation 
uid frac- 
H 1 and 





yim 


HYDE, ELLIOTT, DOISY, AND DOISY 525 


Diagram 1. Fractionation of Urinary C™ from Normal Animals 


Pooled urine, liquid fraction, 960,000 disintegrations 
per min. (1,040,000 disintegrations per min.)* 


Continuous ether extraction at pH 7 





| 
Aqueous Ether-soluble 
phase 10.1% (14.7%) 
To pH 1 with HCl; extract 
5 times with 0.25 volumes 
butanol 





Aqueous 4.0% Butanol 
(11.4%) 


NaOH to pH 7; distillation 
in vacuo (30°) 


Butanol residue 
76.6% (68.2%) 


8-Glucuronidase, 
pH 6.5, 37° for 24 hrs.; 
continuous ether extraction 








| 
Aqueous Ether-soluble 
8.9% (10.4%) 
0.1 N acetate buffer, 
pH 4.7, 100° for 4 hrs.; 
continuous ether extraction 








Aqueous Ether-soluble 
6.9% (6.8%) 
pH 0.8 with HCl; 
continuous ether extraction 





| 
Aqueous Ether-soluble 


4.3% (4.2%) 
7.6 n HCl; 


continuous ether extraction 





| 
Aqueous Ether-soluble 
not extractable with 0-24 hrs., 2.7% (6.5%); 
ether, 41.6% (31.4%) 24-120 hrs., 6.2% (5.1%) 
*The values in parentheses are for urinary C™ from normal rats which had re- 
ceived 0.2 mg. of 17a-methyl-C-A5-androstene-36, 178-diol. 
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extracted five times with 0.25 volumes of butanol. After removal of the 
solvent in vacuo, the residue from the butanol extract was dissolved in 
water and subjected to four successive types of hydrolysis, as shown in 
Diagram 1. In each case, the solution was extracted with ether after or 
during the procedure. The ethereal extracts were washed twice with 15 
ml. portions of aqueous solutions, similar in each case to the hydrolytic 
agent, and the washings were returned to the aqueous material. The 
ether of each extract was removed in vacuo, the residue was dissolved in 
ethanol, and the aliquots were assayed for radioactivity. 

In the experiment with bacterial 6-glucuronidase,’ the mixture was pre- 
served with 0.5 ml. of chloroform and incubated at 37°; assay demon- 
strated the presence of enzymatic activity through the 16th hour of in- 
cubation. An outline of the entire procedure is given in Diagram 1, with 
the percentages of the C“ of the original pooled urine found in each frac- 
tion. 

The water-soluble fraction containing a large proportion of the C™ was 
extracted five times with 0.25 volumes of butanol, and the extracts were 
combined and washed successively with water and alkali of increasing pH. 
A total of approximately one-fourth of the C' was extracted by the al- 
kaline solutions. 


DISCUSSION 


The data in Table I and Fig. 1 demonstrate that the major pathway of 
excretion of radioactivity after intragastric administration of 17-methyl- 
C-testosterone is the biliary route. In animals with bile fistulas, 57 to 
74 per cent of the C* was excreted in the bile. The minute levels of C" 

_ in the feces of these animals and of those in which the bile duct was ligated 
indicate that nearly complete absorption had occurred. Thus, the source 
of the 57 to 90 per cent of C™ in the feces of normal animals was the bile. 
The distribution of radioactivity in excreta following 17-methyl-C™- 
testosterone administration is substantially the same as that found after 
giving testosterone-4-C™ (20) and 17a-methyl-C'*-A*-androstene-38,176-diol 
(11) by the same route. 

However, the quantity of C™ found in the bile after administration of 
17-methyl-C"-testosterone, 63 per cent, differs from that found after 
administration of testosterone-4-C“, 79 per cent, although similar con- 
ditions prevailed throughout. These values may indicate a difference in 
the capacity of the liver to metabolize these compounds (7). Using rat 
liver minces, Levedahl and Samuels (8) did not find any marked difference 
between the rates of metabolism of ring A of methyltestosterone and 
testosterone. However, upon the addition of diphosphopyridine nucleo- 


3 Supplied through the kindness of Mr. M. L. Doyle and Dr. P. A. Katzman. 
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tide as a hydrogen acceptor, these investigators found a marked accelera- 
tion in the rate of disappearance of the a,8-unsaturated linkage of tes- 
tosterone but not of methyltestosterone. 

That the 17-methyl group is not cleaved from ring D is indicated by the 
work of Levedahl and Samuels who did not obtain a positive reaction for 
the 17-keto group (Zimmermann) after incubation of 17-methyltestosterone 
with liver. Additional evidence for the stability of the 17-methyl group 
is the failure to find CO, in the expired air in our experiments. It should 
be noted that pulmonary CQO, was also absent in comparable experiments 
with 17a-methyl-C'-A5-androstene-38,178-diol (11) and 17-methyl-C"-es- 
tradiol (21). 

The results on fractionation of urinary C bear some resemblance to the 
observations of Barry et al. (23) on the small proportion extracted with 
ether from the urine of mice which had been given C"*-testosterone. In 
our work, about 10 per cent of the radioactivity was extracted with ether. 
After ether extraction, 76.6 per cent of the C™ was extracted by butanol, 
about one-third of which was extractable with ether after hydrolysis. 
That about 9 per cent of the C™ present was conjugated as the glucuronide 
is indicated by the hydrolysis with bacterial 8-glucuronidase. A total of 
only 14 per cent more was soluble in ether after hydrolysis by acetate 
buffer (24), by pH 0.8 (25), and by 7.6 n hydrochloric acid (26). Of the 
41.6 per cent of the total radiocarbon remaining in the aqueous fraction af- 
ter hydrolysis and extraction with ether, most of the radioactivity was ex- 
tracted with butanol; about one-fourth of this was extractable from the 
butanol solution with alkali, suggesting that this fraction may be acidic in 
nature. 

A comparable distribution of radioactivity was found after a similar 


fractionation of pooled urine from normal animals that had received 0.2 
mg. of methyl-C'*-androstenediol. 


SUMMARY 


17-Methyl-C"-testosterone was prepared from 17a-methyl-C"*-A®-an- 
drostene-38 ,178-diol by an Oppenauer oxidation. After intragastric ad- 
ministration of 0.2 mg. of this compound, about three-fourths of the 
radioactivity was found in the feces of normal rats during the experimental 
period of 4 days. No radiocarbon was found in the expired air. Bile from 
rats with cannulated bile ducts contained approximately 60 per cent of the 
C* given. Ligation of the bile ducts of rats resulted in a renal excretion of 
more than 90 per cent. Studies on the fractionation of radiometabolites 
present in the urine from normal animals were initiated. 


The authors wish to thank Dr. B. C. Bocklage for assistance in some of 
the surgical procedures. 
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FATTY ACID METABOLISM AND HEPATIC LIPOGENESIS* 


By I. LYON{ anv R. P. GEYER 


(From the Department of Nutrition, Harvard School of Public Health, 
Boston, Massachusetts) 


(Received for publication, October 14, 1953) 


The conversion of octanoate-1-C“ to radioacetoacetate and the effect 
of pyruvate on this process are dependent on the K+ concentration in the 
incubation medium (1). These results prompted this investigation in 
which the incorporation of octanoate-1-C" into fatty acids and cholesterol 
was determined in the presence of non-radioactive additions of pyruvate, 
succinate, and fumarate. Malonate was used as an aid in evaluating the 
relationship between the simultaneous metabolism of octanoate and the 
de novo synthesis of fatty acids. The lipogenic effects of high and low K+ 
concentrations in the medium were also studied. 


EXPERIMENTAL 


Treatment of Animals—Male rats,' with a mean body weight of 200 
+ 22 gm., were used in these studies and were fed a stock diet? ad libitum 
for varying periods of time. The rats were sacrificed by a sharp blow on 
the head and their livers were quickly excised. Liver slices were prepared 
free-hand with a thin razor blade. 

Incubation Procedure—The incubation procedure has been described in 
an earlier publication from this laboratory (2). Octanoate-1-C™ (1.51 mm 
per liter, final concentration) was added to each flask. The final concen- 
trations of the other additions were as follows: Na pyruvate, Na succinate, 
and Na fumarate, 7.75 mn per liter, and for Na malonate 5.84 mm per liter. 
The composition of the media employed will be found in Tables I and II. 
The high K+ medium contained 70 m.eq. per liter, final concentration, 
while the corresponding value for the low K+ medium was 7 m.eq. per liter. 

Analytical Procedure; Respired C“O,—Following incubation, the vial 
containing KOH for carbon dioxide absorption was removed and immedi- 
ately stoppered. Aliquots of the alkaline solution were mounted directly 


* Supported in part by grants-in-aid from the National Cancer Institute, National 
Institutes of Health, United States Public Health Service (grant No. C722(C5)), 
the American Cancer Society through an Institutional Grant to Harvard University, 
the Nutrition Foundation, Inc., New York, and Armour and Company, Chicago. 

t Holder of a Fellowship in the Medical Sciences administered by the National 
Research Council for the Rockefeller Foundation. 

‘Charles River Breeding Laboratories, Inc., Brookline, Massachusetts. 

*Purina chow checkers, Ralston Purina Company, St. Louis, Missouri. 
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in stainless steel cups and counted immediately thereafter with an end 
window Geiger-Miiller tube. Experiments have shown’ that C“O, deter- 
minations -by this technique gave data comparable to those obtained with 
BaCO; mounts, provided counting was carried on immediately after prep- 
aration of the direct mounts. The changes in the RCO, pattern‘ follow- 
ing supplementation in vitro were also comparable by the two methods, 
Counting data for this and all other fractions were expressed as total counts 
per minute per gm. of tissue (wet weight) per hour. 

Acetoacetate-C“OOH—The medium, including washings from the slices, 
was acidified and treated with aniline citrate to decarboxylate the aceto- 
acetate contained therein (2). The released carbon dioxide was trapped 
in KOH, and CO, determinations were made as indicated above. 

Cholesterol—The slices were saponified in alcoholic KOH, and the saponi- 
fication mixture was then extracted three times with petroleum ether. 
These extracts were combined and washed once with 1 n KOH, twice with 
water, and once with a solution of Na palmitate (10 mg. per ml.). The 
latter was done to minimize any loss of the long chain fatty acids. The 
washings were added to the extracted saponification mixture, which was 
then reduced to a volume of about 1 to 2 ml. 

Aliquots of the petroleum ether extracts were mounted directly and 
counted. The efficiency of the cholesterol extraction was determined in 
separate aliquots by forming the digitonides. The counting data obtained 
with these derivatives did not significantly differ from those obtained with 
the petroleum ether extracts. 

Fatty Acids—The saponification mixture was deproteinized by the cop- 
per-lime method described by Lehninger and Smith (3). The precipitate 
was treated according to the method of Brady and Gurin (4), with one 
‘ modification. Acidification and reprecipitation with alkali were repeated 
three times. Pilot experiments indicated that repetition of these proced- 
ures was necessary to eliminate effectively contamination of the long chain 
fatty acid fraction by short chain acids entrapped within the precipitate. 
The final precipitate was acidified with 6 Nn HCl and extracted with petro- 
leum ether. Aliquots of the extract were mounted directly as described 
by Entenman et al. (5) and counted. This fraction, LFA, contained fatty 
acids with 10 or more carbon atoms per molecule. 

The supernatant fluid and washings obtained from centrifugation of the 
precipitate were combined, acidified with 6 N HCl, and extracted with 
petroleum ether. Aliquots of the extract were mounted directly as indi- 
cated above and counted. This fraction, SFA, contained fatty acids hav- 


3 Lyon, I., unpublished experiments. 

‘ The following symbols are used: RCOs, respiratory C“O.; ACO:, acetoacetate- 
C“OOH; LFA, long chain fatty acid-C; SFA, short chain fatty acid-C; CHOL, 
cholesterol-C*, 
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ing fewer than 10 carbon atoms per molecule. The radioactivity in this 
fraction includes that in the de novo short chain fatty acids and unutilized 
octanoate. Preliminary work indicates that the latter comprises approxi- 
mately 50 per cent of the SFA fraction. 


RESULTS AND DISCUSSION 


The C, units from octanoate are available for various condensation re- 
actions leading to the formation of respiratory CO2 (RCO,), acetoacetate 
(ACO2), long and short chain fatty acids (LFA and SFA), and cholesterol 
(CHOL). The data reported in this paper indicate that the addition of 
pyruvate, succinate, or fumarate results in a diversion® of C: units from 
ACO, to LFA. The simultaneous increase in RCO, counts may be a re- 
flection of this process. A reduction in the recovery of labeled C, units in 
SFA occurs with pyruvate, but an increase in SFA is observed with suc- 
cinate (not significant)® or fumarate. This difference might be due to the 
formation of short chain fatty acid derivatives or other substances which 
estimate as SFA. Succinate or fumarate supplementation did not affect 
CHOL recoveries, although pyruvate addition lowered CHOL counts. 

In Series I, Tables I and II, following pyruvate supplementation the de- 
creased availability of C. units for condensation reactions (other than that 
forming active citrate) was suggested by the lower C™ recoveries in ACO,, 
SFA, and CHOL. Thus the C, distribution pattern favored the increase 
observed in LFA. The addition of succinate (Series II, Tables I and IT) 
resulted in an invérted C, distribution between ACO, and LFA (compared 
to that of the control), C™ recoveries in ACO, being lowered while those 
in the LFA fraction were elevated. The other fractions showed no sig- 
nificant change. Fumarate addition (Series III, Tables I and IT) to the 
incubation medium caused a decrease in ACO, and an increase in SFA. 
The other fractions were unaffected, although C™ recoveries in LFA tended 
toward higher values. The increase in short chain fatty acid counts was 
not great enough to account for the decrease in C" activity in ACO,. 

The fumarate effect on the higher fatty acids was not as marked as that 


* As previously shown, the acetone moiety of acetoacetate produced under these 
conditions has approximately 60 to 70 per cent of the activity of the carboxyl moiety. 
Malonate inhibition results in parallel increases in both moieties of the acetoacetate 
molecule (6). Furthermore, supplements such as pyruvate, succinate, or fumarate 
(unpublished observations in this laboratory) effect a parallel decrease in both 
fractions of acetoacetate. Although no determinations of the acetone moiety were 
made in the present studies, it should be borne in mind that any change observed 
in activity of the carboxyl group would be approximately doubled for the total 
activity in acetoacetate. 

‘With this single exception, all differences between groups involving either an 


inerease or a decrease are significant at a probability level of 5 per cent with a ¢t 
test (7). 
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of pyruvate or succinate. Similar differences in effect were noted by 
Bloch (9). Using CH;C“OONa and D.O, he found that fatty acid syn- 
thesis was stimulated strongly by pyruvate or oxalacetate supplementa- 
tion and less strongly by the addition of fumarate. In a series of studies 
with rat liver suspensions in a phosphate buffer, Lehninger (10) demon- 
strated a quantitative conversion of octanoate into acetoacetate in the 
absence of oxalacetate or oxalacetate precursors. In the presence of 














TABLE II 

Stoichiometric Ratios 
Series No. Group No. RCO: ACOs: LFA SFA CHOL | Total 
I Control 1.0 6.1 0.9 1.1 0.8 9.9 
1 1.2 4.4 1.2 0.6 0.6 8.0 
2 0.4 9.5 0.8 1.8 0.4 12.9 
3 0.5 8.2 1.6 1.4 0.5 12.2 
II Control 1.0 3.4 0.4 bi 0.7 6.6 
1 1.1 2.1 0.6 1.4 0.7 5.9 
2 0.4 5.8 0.4 1.7 0.4 8.7 
3 0.4 §.7 0.8 1.3 0.4 8.6 
Ill Control 1.0 5.2 0.3 0.7 0.6 7.8 
1 ie | 2.5 0.3 0.9 0.6 5.4 
2 0.4 8.1 0.3 1.2 0.3 10.3 
3 0.4 6.7 0.5 1.1 0.4 9.1 
IV High K* control 1.0 3.7 0.3 1.0 0.4 6.4 
Low “ ia 1.3 3.7 0.2 2.3 0.4 7.9 
«Kt + succinate 1.5 2.2 0.3 0.8 0.5 5.3 























All the figures in a given series are relative to the control RCO; of the series which 
has been assigned a value of 1.0. In Series IV, all the figures are relative to RCO, 
of the “High K* control.’’ RCO, was chosen as the reference fraction primarily 
since it was the most consistent in its pattern response to the various supplements. 
The ratios in this table represent comparisons between the total counts in a given 
fraction and the total activity in the control RCO, of the series. 


In this way, the 
distribution pattern of the C, units may be seen. 


fumarate, Krebs cycle intermediates accumulated with a parallel decrease 
in the formation of acetoacetate. 

The presence of malonate in the medium caused a depression in RCO, 
(Group 2, Series I, II, III, Tables I and II). There was an accompanying 
but unequal rise in ACO, and SFA. The increase in SFA, while LFA re- 
mained unchanged, suggested that additional substances estimating as 
SFA may have formed. The recoveries of C“ in CHOL indicated some 
link between RCO, and cholesterogenesis. Over-all utilization of C. units 
by the slice was high in the presence of the inhibitor (Table II). When 
malonate with pyruvate, succinate, or fumarate was added to the medium 
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(Group 3, Series I, II, and III, Tables I and II), RCO, values remained 
unchanged (versus malonate alone), indicating the effectiveness of the 
malonate block. However, there was a simultaneous diversion of C. units 
from both ACO, and SFA and a marked incorporation of these units into 
LFA. The further addition of pyruvate, succinate, or fumarate did not 
alter the C™ recoveries in CHOL observed with the inhibitor alone. 

In the presence or absence of malonate, the addition of pyruvate, suc- 
cinate, or fumarate resulted in an increased conversion of radiooctanoate 
into LFA-C“. A concomitant but non-equivalent decrease in acetoace- 
tate-C“OOH was observed. The marked depression in respiratory activity 
due to malonate was not reflected in the recovery of C“ in the LFA frac- 
tion. Since the incorporation of the labeled Cs acid into SFA varied con- 
siderably under the experimental conditions, it was difficult to discern any 
relationship between this fraction and LFA or ACO:. Hence, the syn- 
thesis of LFA from octanoate seemed to be inversely related to the forma- 
tion of acetoacetate primarily. It is interesting to note that, in contrast 
to LFA, cholesterogenesis from octanoate paralleled the formation of 
RCO, and was inversely related to ACO, formation (Table I, Series I, II, 
and III). The latter observation may indicate C, utilization in cho- 
lesterol synthesis (11). 

Brady and Gurin (4) found radioactivity in long chain fatty acids of 
liver when slices were incubated with labeled octanoate (5800 to 14,500 
counts per flask) in a Krebs-Ringer-bicarbonate medium, but not in a 
Krebs or Lehninger phosphate medium. They concluded that the Krebs- 
Ringer-bicarbonate solution and the intact liver cell are necessary for long 
chain fatty acid synthesis from octanoate. Following the incubation of 
liver slices in Krebs-phosphate buffer containing deuterioacetate or D.O, 
Bloch, Borek, and Rittenberg (12) isolated fatty acids having small but 
significant isotope concentrations. According to the method of calcula- 
tion used by Brady and Gurin (4), about 2} times more octanoate was in- 
corporated into fatty acids in the high K+ medium used in the experiments 
described herein than in the bicarbonate medium employed by those in- 
vestigators. 

Although strain differences may have contributed to these contradictory 
results, a study was made of the effect of the high K+ medium versus Krebs- 
Ringer-phosphate buffer, low in K+ concentration, on the incorporation of 
octanoate into fatty acids. Each flask contained 160,000 counts at the 
start of the incubation. In the low K+ medium, incorporation was re- 
duced to one-half that observed in the high K+ medium (Series IV, Tables 
ITand II). An average of 1350 (range, 1230 to 1670) counts was found in 
LFA in the low K+ medium; the corresponding value for the high K* me- 
dium was 2490 (range, 2400 to 2570) counts. It appears that octanoate 
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incorporation into long chain fatty acids occurs in a phosphate medium, 
but in such a medium it is sensitive to the K+ concentration.” 


SUMMARY 


1. The incorporation of octanoate-1-C™ into respiratory CO. (RCO,), 
acetoacetate (ACO.), long and short chain fatty acids (LFA and SFA), 
and cholesterol (CHOL) was studied in rat liver slices. 

2. Changes in the distribution pattern of labeled C, units derived from 
octanoate were noted following supplementation of the incubation medium 
with pyruvate, succinate, or fumarate alone or in combination with mal- 
onate. 

3. These changes indicated that long chain fatty acid synthesis was 
primarily related in an inverse manner to the amount of acetoacetate 
formed. Short chain fatty acids influenced or were influenced by this re- 
lationship secondarily. 

4, LFA recoveries were not affected by malonate alone, although RCO, 
was markedly depressed; the C™“ content of ACO, and SFA increased. 
There appeared to be some link between cholesterol synthesis and respira- 
tory activity. 

5. The addition of malonate with pyruvate, succinate, or fumarate re- 
sulted in a diversion of C2 units from ACO, and SFA into LFA. RCO, 
and CHOL recoveries were unchanged from those noted in the presence 
of malonate alone. 

6. The conversion of octanoate into long chain fatty acids occurs in a 
phosphate medium, but in such a medium lipogenesis is sensitive to the K+ 
concentration. 

7. Changes observed in the distribution pattern of C, units among the 
fractions determined are discussed. 
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’ Toward the completion of this paper, data published by Curran and Clute (13) 
demonstrated a higher incorporation of acetate-C™ into fatty acid-C™ by liver cell 
clusters when a PO, medium contained higher levels of K+. This result was inde- 
pendent of pH. In contrast, however, Mg** stimulated fatty acid synthesis at pH 
6.5 but not at pH 7.4. Hence, the Mg** influence may reasonably be attributed to 
ashift in pH. Studies concerning the effects of Mg*+ and other ions on lipogenesis 
are being continued in this laboratory. 
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PAPER CHROMATOGRAPHY OF METHYL ESTERS OF 
DICARBOXYLIC PORPHYRINS* 


By T. C. CHU anp EDITH JU-HWA CHU 
(From the Department of Chemistry, Immaculate Heart College, Los Angeles, California) 


(Received for publication, December 3, 1953) 


Paper chromatography of porphyrins either as the free carboxylic acids 
(1) or as the methyl esters (2) has been applied in a number of studies 
dealing with natural porphyrins (3-14). The known methods, however, 
do not permit successful separation of the dicarboxylic porphyrins, such 
as protoporphyrin, mesoporphyrin, and deuteroporphyrin, or their esters. 
The present paper is concerned with procedures for the separation of the 
methyl esters of several dicarboxylic porphyrins. 


EXPERIMENTAL 


Materials—The methyl esters of dicarboxylic porphyrins used are as 
follows: 

Deuteroporphyrin IX dimethy] ester, m.p. 223° (6). 

Mesoporphyrin IX dimethyl ester was prepared from red blood cells 
(15) and purified by column chromatography, m.p. 206°. 

Protoporphyrin IX dimethyl] ester was prepared from red blood cells 
(15) and chromatographically purified, m.p. 228°. 

Hematoporphyrin IX dimethyl ester was prepared from hemin by the 
method of Nencki and Sieber (16, 17) and purified by chromatography, 
m.p. 212°. It showed the same paper chromatographic behavior as Dr. 
Granick’s sample (12).! 

Hematoporphyrin IX dimethyl ether dimethyl ester (tetramethyl- 
hematoporphyrin) was a gift from Dr. Granick (12). 

Monovinylmonohydroxyethyldeuteroporphyrin IX dimethyl ester was 
a by-product isolated from the preparation of hematoporphyrin (to be 
described elsewhere). 

R, was the methyl ester of a by-product in the preparation of duetero- 
porphyrin IX (8). 

All of the melting points are uncorrected. 


The solvents except kerosene were of reagent grade and freshly distilled 
before use. 


* This investigation was supported by a research grant from the National Insti- 
tutes of Health, United States Public Health Service. 

The authors wish to thank Dr. 8. Granick of The Rockefeller Institute for Med- 
ital Research, New York, for his generous gift of methyl ester of hematoporphyrin 
and tetramethylhematoporphyrin. 
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Procedure 


The principle of two-dimensional paper chromatography by Consden 
et al. (18) was used throughout this study. For the sake of simplicity and 
convenience, it was conducted in beakers in a similar manner to that de- 
scribed in a previous paper (2). Whatman No. 1 filter paper was cut into 
20 X 14 em. sheets, with short ends parallel to the machine grain of the 
paper. Solutions of the porphyrin esters in ethyl acetate were spotted at 
the same lower left corner of the paper, 2 cm. from each side (Fig. 1). 
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Fig. 1. Paper chromatogram of the dimethyl esters of the following dicarboxylic 
porphyrins: 1, hematoporphyrin IX dimethyl ether; 2, deuteroporphyrin IX; 3, 
mesoporphyrin IX; 4, protoporphyrin IX; 5, monovinylmonohydroxyethyldeutero- 
porphyrin IX; 6, a by-product (R2) (8) from deuteroporphyrin preparation; and 7, 
hematoporphyrin IX. The dotted spots resulted from the first development. (See 
Table I for definition of the solvents.) 


A 2 liter beaker, edged with a rubber tubing, lined with paper, and 
equipped with a desiccator cover, was used as the chamber for the first 
development. It was provided with an atmosphere of kerosene and tetra- 
hydropyran by wetting the paper lining with 15 ml. of the former and then 
adding 0.4 ml. of the latter to the bottom of the beaker. The first solvent 
system, KTM, was a mixture of 5 ml. of kerosene, 1.4 ml. of tetrahydro- 
pyran, and 0.35 ml. of methyl benzoate. 3 hours after the addition of the 
solvent to the inner 250 ml. beaker, the solvent front almost reached the 
top of the paper cylinder. The paper was removed and dried in an oven 
at 105-110° for 10 minutes. The developed spots were marked under a 
Mineralight of 3660 A. A new basal line was drawn through their centers. 
The left edge, 1.2 cm. from the new basal line, and also the top part, 5 cm. 
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or so, of the paper chromatogram were trimmed off (broken lines, Fig. 1) 
in order to fit the 1 liter beaker set for the second development in the direc- 
“ tion at a right angle to that of the first. On the partially developed paper 
chromatogram, the methyl esters of deuteroporphyrin, mesoporphyrin, and 
~ hematoporphyrin dimethyl ether were all located at the same top spot, 





























me followed by the esters of protoporphyrin, hematoporphyrin, etc., in iso- 
lated spots. 
l at P 
1). TaBLeE I 
Rr Values of Methyl Esters of Dicarboxylic Porphyrins in Different Solvent 
Systems at 22° 
Rr | Miata Getectatte 
Methy] esters of , 
KTM® |WAPPt | WAD$ | “Stvelon, | develop- 
- ment 
ment 
7 7 
Hematoporphyrin IX dimethyl ether§...... 0.59 | 0.63 | 0.46 
Deuteroporphyrin IX....................] 0.59 | 0.45 | 0.46 | 0.01 0.005 
a er 0.59 | 0.23 | 0.23 | 0.01 0.005 
NNOMVEOD EM... 5... ees e ewes 0.51 | 0.23 | 0.24 | 0.02 0.01 
Monovinylmonohydroxyethyldeuteropor- 
NE te coe ects cacuberde sauce 0.20 | 0.74 | 0.61 
R:, by-product from deuteroporphyrin 
NO eee 0.11 | 0.77 | 0.67 
ee 2, are 0.03 | 0.80 | 0.71 | 0.005 0.003 
xylic 
Cs 8, * KTM, 5:1.4:0.35, kerosene-tetrahydropyran-methyl benzoate. 
tero- {WAPP, 3.8:1:2:0.5, water-acetonitrile-n-propyl alcohol-pyridine (with Dow- 
nd 7, Corning silicone No. 550 as stationary phase). 
(See } WAD, 2.3:2.8:0.8, water-acetonitrile-dioxane (with silicone as stationary phase). 
§ This sample contained some trimethylhematoporphyrin (Dr. Granick, personal 
communication), which was revealed as another very weak spot with Rp values of 
oil KTM/WAPP 0.27/0.78 and KTM/WAD 0.27/0.70 in separate runs. 
first ; 
a. The second development was by reversed phase (19-21) paper chromato- 


lies gaphy. The partially developed paper chromatogram was treated with a 
ite petroleum ether (b.p. 65-110°) solution of Dow-Corning silicone No. 550 
ee fd (21) (weight by volume, 12.5/100) by dipping the paper into the 
€ the solution in a deep rectangular container or by pulling it through the solu- 
1 the ton ina photographic tray. After drying at 105-110° for 3 minutes, the 
paper cylinder, made with the new basal line at the bottom, was placed in 
oven ‘ ape 
ps the second solvent mixture, WAPP, consisting of 3.8 ml. of water, 1 ml. of 
pan acetonitrile, 2 ml. of n-propyl alcohol, and 0.5 ml. of pyridine, used in an 
5 eee atmosphere saturated with water. The developing time was 1} hours for 
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the solvent front to ascend to about 8 cm. During the second develop. 
ment the members in the unresolved spot from the first development were 
separated. A complete paper chromatogram is shown in Fig. 1. 

When tetramethylhematoporphyrin was not included in the mixture, 
another solvent, WAD, was used with advantage for the second develop- 
ment, also with silicone as the stationary phase. It was a mixture of 23 
ml. of water, 2.8 ml. of acetonitrile, and 0.8 ml. of 1,4-dioxane. The 
developing time was only 50 minutes. 

The Ry values of the dimethyl esters of dicarboxylic porphyrins in 
various solvent systems, together with their minimal detectable amounts, 
are listed in Table I. 


DISCUSSION 


In the first solvent system, KTM, commercial kerosene was used instead 
of the distilled fractions or pure alkanes, such as n-decane, n-dodecane, or 
n-tetradecane, because they did not give any better result. Tetrahydro- 
furan may be used instead of tetrahydropyran with slight differences in 
the Rr values. 

The addition of a limited amount of tetrahydropyran to the kerosene 
atmosphere of the first chamber served to provide a better separation of 
protoporphyrin ester from the other components. When a larger concen- 
tration of tetrahydropyran was introduced into the atmosphere, diffused 
spots with higher Ry values were obtained. Similar effects were observed 
when more tetrahydropyran was incorporated into the solvent mixture. 
On the other hand a reduced amount of tetrahydropyran resulted in 
elongated spots. 

As shown in Fig. 1, the spot pattern of deuteroporphyrin ester, etc., is 


‘not as compact as that of hematoporphyrin ester. If a paper with its 


machine grain perpendicular instead of parallel to the basal line is used for 
the first, KTM, development, the elongated spots of esters of deutero- 
porphyrin, mesoporphyrin, protoporphyrin, etc., will make their final pat- 
tern even less compact. 

The Ry values may be affected by unevenness in the silicone coating. 
However, this effect will be minimized by a uniform and steady handling 
of the paper during coating. 

It has been attempted to make either the KTM or the WAPP solvent 
mixture a successful single developing system. With the KTM solvent 
system, tetramethylhematoporphyrin or deuteroporphyrin ester could be 
made to move ahead of mesoporphyrin ester, but there was no distinct 
separation even after 16 hours development. With the WAPP or the 
WAD system, both protoporphyrin and mesoporphyrin esters were found 
to move at about the same rate under various conditions tested. However, 
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any of these solvent systems may be used alone for simplicity and time 
saving whenever members with the same Ry value do not coexist in a 
mixture. For instance, the KTM system can be used for the separation of 
a mixture containing dimethyl esters of mesoporphyrin (or deuteropor- 
phyrin or hematoporphyrin dimethyl ether), protoporphyrin, and hema- 
toporphyrin, while the WAPP or the WAD system can be used for a 
mixture of the esters of hematoporphyrin, deuteroporphyrin, and proto- 
porphyrin (or mesoporphyrin). As listed in Table I, a single solvent 
system is more sensitive than a complete run with two solvent systems. 

The free porphyrins of this group also move in these solvent systems, 
but with streaking. 


SUMMARY 


Several solvent systems are described for the separation of the dimethyl 
esters of deuteroporphyrin IX, mesoporphyrin IX, protoporphyrin IX, 
hematoporphyrin IX, and other dicarboxylic porphyrins by paper chroma- 
tography. 
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THE CONVERSION OF N®-LABELED MESOBILIRUBINOGEN 
TO STERCOBILINOGEN BY FECAL BACTERIA* 


By P. T. LOWRY,{ N. R. ZIEGLER, RUTH CARDINAL, anv C. J. WATSON 


(From the Department of Medicine, University of Minnesota Hospital, 
Minneapolis, Minnesota) 


(Received for publication, December 8, 1953) 


Under normal circumstances, two members of the urobilinogen group 
have been identified in human feces and urine, both of which are determined 
quantitatively in the routine urobilinogen procedure (1). Of these, ster- 
cobilinogen predominates, while mesobilirubinogen occurs only in small 
amounts except during excessive hemolysis, when it has been present in 
sufficient quantity to permit crystallization from urine (2, 3) and feces.! 
Von Miiller (4) and McMaster and Elman (5) initiated a series of studies 
from which it has been generally concluded that these compounds are formed 
in the intestinal tract by the bacterial reduction of bilirubin. Earlier ex- 
periments in this laboratory (6) indicated that mesobilirubinogen is actu- 
ally an intermediary in the formation of stercobilinogen. 

Despite this evidence, Baumgirtel has claimed that mesobilirubinogen 
is solely of hepatic or biliary origin (7). It is his view that stercobilinogen 
is formed in the intestine by the bacterial reduction of bilirubin, but that 
mesobilirubinogen is not an intermediary in this process. This concept 
has been receiving increasing attention (8-11). One of its principal sup- 
ports, according to Baumgirtel, is the failure, in his hands, of cultures of 
fecal bacteria to convert mesobilirubinogen to stercobilinogen. Satisfac- 
tory evidence of the inability of fecal organisms to effect this conversion 
would admittedly make untenable the scheme of bile pigment metabolism 
which is generally held. For this reason, we have reinvestigated the prob- 
lem with both ordinary and N"-labeled mesobilirubinogen. 


Methods 


Cultures were prepared with medium containing 8 gm. of nutrient broth 
base and 5 gm. of yeast extract per liter.2 1 gm. of fresh normal feces 


*This work has been supported in part under contracts with the Office of the 
Surgeon General, United States Army, under the sponsorship of the Commission on 
Liver Disease of the Armed Forces Epidemiological Board, and with the Atomic 
Energy Commission. The work was also aided by a grant from the Louis and 
Maud Hill Family Foundation. 


t Aided by a fellowship from The National Foundation for Infantile Paralysis, 
ne. 


'To be published. 


* Use of this medium was suggested by Dr. Victor Sborov, Hepatic and Metabolic 
Department, Army Medical School, Washington, D. C. 
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(wet weight) was added to each 500 ml. After incubation for 12 hours 
varying amounts of crystalline mesobilirubinogen, dissolved in 100 ml. of 
a 0.025 n NaOH solution, were added. The cultures were then incubated 
for an additional 48 hours. At the end of that time, they were worked up 
according to a method we have recently described for the isolation of mem. 
bers of the urobilin group (12). This consists essentially in extraction of 
the urobilinogen into petroleum ether, where it is oxidized with iodine to 
the respective urobilin. The latter is converted to the hydrochloride, ex. 
tracted by chloroform, and crystallized from chloroform or chloroform. 
acetone. 

In this study, no attempt was made to isolate the urobilinogens as such, 
They are relatively unstable and stercobilinogen has never been crystal- 
lized. By simple oxidation, as above, mesobilirubinogen is converted to 
i-urobilin® and stercobilinogen to stercobilin. These specific oxidation 
products contain only 2 less hydrogens than their chromogens and are rela- 
tively stable orange-yellow pigments which are readily identified, particu- 
larly by optical activity measurements. Stercobilin has a specific rotation 
in chloroform of approximately [o2?] —4000°; i-urobilin is optically inactive, 

The amount of urobilinogen in the fecal inocula was determined in each 
instance by the standard procedure for the urobilinogen group (1). Since 
the fecal samples were obtained from normal individuals, almost all of the 
urobilinogen present was stercobilinogen. In calculating any conversion 
of mesobilirubinogen to stercobilinogen, the entire amount present in the 
inoculum was therefore subtracted from that found in the cultures. 

Mesobilirubinogen was prepared by the sodium amalgam reduction of 
bilirubin in accordance with the directions of Fischer and Orth (13). Puri- 
fied but still amorphous material was used in the cultures. Crystallization 
could readily have been effected, but marked losses are sustained and for 
the present purpose it was unnecessary. Mesobilirubinogen labeled with 
N*® was prepared by the amalgam reduction of N'*-labeled crystalline 
bilirubin. The latter had been obtained from a patient with congenital 
hemolytic anemia who had been given glycine labeled with N' during the 
administration of Terramycin. We have recently described the method 
used in isolating crystalline bilirubin under these circumstances (14). The 
labeled mesobilirubinogen was added to a culture as described above. The 
urobilin isolated was similarly identified and its N* content determined in 
the mass spectrometer.‘ 

In the study with a normal human volunteer, 263 mg. of N'*-labeled 
mesobilirubinogen (1.402 atom per cent excess) were dissolved in 50 ml. of 

3 Optically inactive. 

4 N15 determinations were made in the Department of Physics, University of Min- 
nesota, under the direction of Professor A. O. Nier. 
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1 per cent sodium carbonate and administered through a duodenal tube 
extending into the third portion of the duodenum. Feces were then col- 
lected for the next 3 days. The stercobilin from each sample was isolated 
and its optical activity and N" content determined. 


Results 


Studies in Vitro with Non-Labeled Material—Data on the conversion of 
mesobilirubinogen to stercobilinogen by normal fecal bacteria, obtained in 
four different experiments, are given in Table I. It is seen that, after in- 
cubation of mesobilirubinogen with the bacteria, it was possible to crystal- 
lize from 34 to over 11 times more stercobilin than could be accounted for 
by the presence of stercobilinogen in the original fecal inoculum. The 
stercobilin obtained in each instance was identified by the specific optical 
activity of the crystalline material as well as by a negative dioxane-HCl 


Tasie I 
Conversion of Mesobilirubinogen to Stercobilinogen 





Volume of medium, ml............ 500 500 2500 
Fecal stercobilinogen in inoculum, 

SS ee ee 0.45 0.26 1.96 
Mesobilirubinogen added, mg...... 55 50 203 
Stercobilin crystallized, mg....... 5.1 2 6.7 
Rotation [a2] of crystalline ster- 

cobilin in CHCl;, degrees........ —3125 —3045 —3187 














test (15). The isolation of 7-urobilin would have indicated that mesobili- 
rubinogen had persisted unchanged. In this case, however, the crystals 
obtained would have shown no optical activity and would have demon- 
strated the characteristic red color on heating briefly in dioxane-HCl. 
Control studies indicated that the increased amount of stercobilinogen 
in the cultures can be accounted for only by formation from mesobilirubin- 
ogen (Table II). The medium alone does not contain any urobilinogen 
and develops none after incubation. The fecal bacteria do not produce 
stercobilin from the medium. If mesobilirubinogen is not added to such 
a fecal culture, it is impossible to crystallize any urobilin whatsoever, and, 
as determined quantitatively in an Evelyn colorimeter, the chloroform 
solution from which crystallization usually takes place contains less ster- 
cobilin than the amount of stercobilinogen in the original fecal inoculum 
(Experiment II, Table II). The stercobilin is therefore not derived from 
the medium nor from the fecal bacteria in the cultures. The only possible 
source is the mesobilirubinogen. Experiment III in Table II demon- 
strates that fecal bacteria are necessary for the conversion. Mesobili- 
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rubinogen incubated in the sterile medium is not converted to stercobilino- 
gen. From such a solution only 7-urobilin was isolated. 














TaBie IT 
Conversion of Mesobilirubinogen to Stercobilinogen; Control Data 
Experiment I Experiment II Experiment III 
Volume of medium, ml............. 500 500 500 
Fecal stercobilinogen in inoculum, 

MTS oitetter sce 52S clog ers Saar 3 1.65 
Mesobilirubinogen added, mg...... 0 0 50 
Stercobilin —— mg... 0 0 0 
Stercobilin, mg.f. . Stee 0 0.065 0 
i-Urobilin crystallised, ee 0 0 5 
Rotation of i-urobilin, degrees. .... 0 














* Experiments I and III contained no fecal inoculum. 
¢ Measured in the Evelyn colorimeter with No. 490 filter. 





























Taste III 
N'5 Studies 
Mesobilirubinogen added Stercobilin isolated 
Amount Atom per cent excess Amount Atom per cent excess 
mg. mg. 
In vitro 83 0.594 9.8 0.555 
“* vivo, 29 hrs. 263 1.402 0.083 
cc “cc 45 ce 0.248 
“6 Bye 0.072 
TaBLe IV 
Optical Activity and Color Reactions of i-Urobilin and N‘5-Stercobilins 
: i | 
| Opticalactivity, Dioxane-HCl | Lemberg é# al. test 
[a]|* test (15) | i 16) 
degrees a 
i-Urobilin 0 Red | Blue 
Culture, N'5-stercobilin —3005 Nochange | Colorless 
Feces, N'*-stercobilin, 29 hrs. | —3673 wy . ™ 
oc “cc 45 “ce — 4086 “ce “ce “ec 
‘6 ‘é 51“ —3523 ‘6 ‘6 | “ 














Studies in Vitro with Labeled Mesobilirubinogen—In the experiment in 
which N'-labeled mesobilirubinogen was incubated in a fecal culture, ap- 
proximately 6 times more (1.47 mg.) stercobilin were subsequently isolated 
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than could be accounted for by the oxidation of the stercobilinogen in the 
fecal inoculum (Table III). Particular care was taken to identify this ma- 
terial as stercobilin. The results of duplicate comparative tests with 
j-urobilin are seen in Table IV. The N* content proved to be 0.555 atom 
per cent excess as compared with 0.594 in the mesobilirubinogen used. 
The slight drop in N* concentration is due to dilution by the natural ster- 
cobilin derived from the fecal inoculum. Since the only possible source of 
the N'® in the stercobilin was the added mesobilirubinogen, it is evident 
that conversion had taken place. 

Study in Vivo—Use of labeled material in a feeding experiment confirmed 
the earlier finding reported from this laboratory that mesobilirubinogen is 
converted to stercobilinogen in the intestinal tract (6). After the intra- 
duodenal administration of N'*-labeled mesobilirubinogen, the stercobilin, 
isolated from the fecal samples collected after 29, 45, and 51 hours, in each 
ease contained a significant excess of N'* (Table III). A control sample of 
stercobilin isolated before the administration of the mesobilirubinogen did 
not contain an excess. In each instance, the material was carefully identi- 
fied as stercobilin (Table IV). Since the only source of N* in the sterco- 
bilin was that in the mesobilirubinogen, a conversion is again evident. 


DISCUSSION 


In the current study, conclusive evidence is presented that fecal bacteria 
convert mesobilirubinogen to stercobilinogen. This transition occurs both 
in vitro and in vivo. Thus our results with cultures of fecal bacteria are not 
in agreement with those reported by Baumgirtel. 

In view of the present results, hypotheses which have been based on the 
supposed failure of fecal bacteria to reduce mesobilirubinogen to sterco- 
bilinogen, would appear to require revision. Evidence has been presented 
that any mesobilirubinogen formed in or entering the intestinal tract is 
subject to conversion to stercobilinogen and hence serves as an intermedi- 
ary in the formation of the latter from bilirubin. 

In the present study we have not been directly concerned with the site 
of formation of mesobilirubinogen. The temporary disappearance of the 
urobilinogen group after the administration of Aureomycin or follow- 
ing total external biliary fistula strongly indicates that it is purely en- 
terogenous, in accord with the classic studies of von Miiller (4) and of 
MeMaster and his associates (5). Nevertheless, the possibility that meso- 
bilirubinogen may be formed in the liver under certain circumstances has 
not been excluded by the present study. 

Thus far we have had little success in determining which organisms are 
responsible for the reduction of the bile pigments. The reactions do not 
appear to be dependent upon maintenance of strict anaerobic conditions. 
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Reduction took place when the cultures were incubated in open flasks as 
well as in an atmosphere of hydrogen and carbon dioxide. The addition of 
reducing agents such as cysteine and ascorbic acid to the basic medium did 
not appear to offer any advantage. Identification of the bacteria in the 
cultures has revealed the usual fecal flora. Attempts to effect the reac. 
tions in cultures of a single organism have thus far been unsuccessful, 
Further studies are in progress. 


SUMMARY 


The reduction of mesobilirubinogen to stercobilinogen by fecal bacteria 
has been demonstrated both in vitro and in vivo. The most decisive dem- 
onstration of this has been made possible with the aid of bile pigments 
labeled with N™. 
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STUDIES OF RADIOACTIVE INJECTED LABELED INSULIN* 


By NIELS HAUGAARD, MARTHA VAUGHAN, ELLA S. 
HAUGAARD,f ann WILLIAM C. STADIE 


(From the John Herr Musser Department of Research Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 3, 1953) 


The literature on the fate of injected insulin is meager. Cutting (1) 
and also Mirsky and coworkers (2) found little or no biologically active 
insulin in the urine of man and animals following the injection of large 
amounts of insulin. Sonenberg, Keston, and Morey (3) injected radio- 
active insulin subcutaneously and after intervals excised the area of injec- 
tion and determined residual insulin so that the rate of absorption of the 
insulin could be calculated. Lee and Williams (4) recently reported data 
obtained after the injection of insulin labeled with I. They deter- 
mined the resultant concentration in the various tissues of the body and 
also in the cytostructural elements of various organs. 

Non-availability of labeled insulin with high specific activity has deterred 
experiments of this type, but recently we reported (5, 6) on the preparation 
of two forms of radioactive labeled insulin which retain biological activity. 
The high specific activity of these preparations permits the determination 
of insulin in blood or tissues of the order of 0.01 y. Using these prepara- 
tions, we report in this paper experiments designed to give information 
about several aspects of the problem of the physiological action of insulin; 
viz., (1) its distribution among the different tissues of the body after sub- 
cutaneous or intravenous administration; (2) its concentration in blood and 
distribution between cells and plasma; and (3) its excretion in the urine. 


Methods 


Radioactive insulin labeled with S* and I"*! was prepared as previously 
described (4). End window Geiger-Miiller tubes were used, and counts 
of 10° to 10’ c.p.m. per mg. (4 to 40 ue. per mg.) were obtained. Radio- 
active iodine was determined after alkaline hydrolysis of the tissue and 
direct plating; radioactive sulfate, after acid or alkaline hydrolysis, addi- 
tion of carrier sulfate, and recovery and plating of the precipitated BaSO.. 

Control experiments were carried out with radioactive iodide, sulfate, 


* The work reported in this paper was supported in part by grants from the Na- 
tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 

t Postdoctoral Fellow of the American Cancer Society, upon recommendation of 
the Committee on Growth of the National Research Council. 
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or 10dinated human albumin obtained from the Abbott Laboratories, 
North Chicago. 

Male Wistar rats (about 200 gm.) and female dogs were used in the 
experiments. 

The experimental approach consisted of injecting the labeled insulin into 
rats and dogs and determining the distribution of radioisotope in the 
various tissues and the appearance of radioactive substances in the urine. 

For the proper interpretation of the results of these experiments it should 
be pointed out that the radioactivity of the tissue samples analyzed is a 
measure of their content of radioisotope and is not a true measure of the 
isotopic insulin present. Any breakdown products of insulin containing 
radioactive label as well as free radioactive iodide or sulfate will be meas- 
ured in addition to molecules of the originally injected isotopic insulin. 
However, for convenience the results have been calculated as micrograms 
of the original radioactive iodinated or sulfated insulin. 


EXPERIMENTAL 


Blood Levels after Injection into Dogs—7 y of radioactive labeled insulin 
per kilo were injected subcutaneously or intravenously into dogs anesthe- 
tized by Nembutal. Samples of blood were taken at intervals, heparinized, 
and the radioactivity determined. In about half the samples both whole 
blood and plasma were analyzed. 

In Fig. 1 the concentration of sulfated or iodinated insulin in the plasma 
is plotted as a function of time after administration. When the insulin 
was given intravenously, there was an immediate fall in concentration, 
followed by a constant concentration for about 2 hours. This was followed 
by a gradual lowering of the amount of labeled insulin in the blood. The 
immediate fall in concentration probably corresponds to an entrance of 
insulin into the tissues. There was excellent agreement between the re- 
sults obtained with sulfated and iodinated insulin. When an identical 
amount of sulfated insulin was injected subcutaneously, there was a slow 
increase in concentration until a maximum was reached after about 3 
hours. There was then a slow decline. The maximal concentration after 
subcutaneous injection was about half that reached after intravenous 
injection. 

In control experiments, radioactive sulfate or iodide in amounts approxi- 
mating those in the labeled insulin preparations were injected intraven- 
ously. With iodide a steady decline in blood concentration with time was 
observed. With inorganic sulfate there was some evidence after 1 hour 
of a plateau similar to that found with insulin. The meaning of this is 
not clear. 

Studies of the distribution of the radioactive substances between the 
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3, cells and plasma of the blood show that after injection of labeled insulin 
essentially none of the isotope appears in the red cell, while, in control 
e experiments in which free iodide or sulfate is injected, iodide readily enters 


the red cell and sulfate does so to a considerable extent. These observa- 
0 tions are recorded in Table I. 














ie The finding that radioactivity does not appear in the red cells even 2 
e, hours after injection of sulfated or iodinated insulin indicates that the 
ld combined sulfate or iodide is not split from the insulin molecules to any 
a considerable extent. We will later describe other evidence which supports 
1e this conclusion. 
2 MICROGM. INSULIN/ 100 ML. PLASMA 
n. 5 
@=SULFATED INSULIN 
ns o= IODINATED INSULIN 
20. \ inTRAVENOUS 
1.54 
‘in 
* 1.04 
od, 
‘le 0.54 SUBCUTANEOUS 
@ ° : 
“ i? a ee ee 
lin HOURS 
mn, Fig. 1. Concentration of radioactive substances in plasma (calculated as insulin) 
ed after administration of radioactive sulfated or iodinated insulin to dogs (7 y per 
‘he kilo). 
of 
re- Urinary Excretion in Dogs—Following injection, urine was collected 
cal continuously by means of a catheter and its radioactivity determined at 
ow invervals. To stimulate the flow of urine 0.5 to 1 liter of physiological saline 
. 3 was infused during the 5 to 6 hours of the experiment. 
ter The excretion in the urine of radioactive substances from labeled insulin 
ous preparations is illustrated in Fig. 2. Radioactivity in the urine appears 
almost immediately after intravenous or subcutaneous administration, and 
Oxi 33 to 63 per cent of that injected is recovered after 6 hours. The experi- 
en- ments are too few to permit drawing conclusions about the higher rate 
vas observed in one case. 
our After subcutaneous injection of sulfated insulin there is a lag period of 
s is about 1 hour, after which the rate of excretion of radioactive substances 
increases. This lag period corresponds to the time at which the blood 
the concentration slowly increases (see Fig. 1). 
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Urinary Excretion in Rats—The radioactivity of injected iodinated or 
sulfated insulin also appears rapidly in the urine of the rat. In eight 
experiments in which 17 + of insulin were injected an average of 5 per cent 


TaBLeE I 
Distribution of Radioactive Substances between Plasma and Cells of Dog after 
Intravenous Injection 


Blood and plasma analyzed for radioactivity; cell concentration calculated from 
hematocrit = 0.45. 
































Dog Source of radioactivity injected Time elapsed per Fn cut co 
Y hrs. min y 
1 Insulin sulfate 6.9 0 10 1.41 0.55 0 
0 25 0.91 0.55 0 
0 45 0.52 0.55 0 
1 0 0.67 0.58 0.07 
1 33 0.54 0.55 0 
3 0.54 0.55 0 
4 0.49 0.55 0 
5 0.35 0.55 0 
6 0.32 0.55 0 
2 Insulin iodide 3.8 0 15 0.91 0.57 0.05 
0 50 0.68 0.60 0.12 
1 25 0.65 0.54 0 
2 25 0.53 0.58 0.07 
6 0.40 0.57 0.05 
29 0.12 0.57 0.05 
3 Radioactive iodide 0.001 0 15 2.00 X 1074 0.92 0.82 
2 1.00 X 10-4 0.87 0.71 
3 0.72 X 10-4 0.83 0.63 
4 0.60 X 10-4 0.82 0.60 
5 0.35 K 10-4 0.81 0.58 
28 0.31 & 10-4 1.10 1.22 
4 Radioactive sulfate | 0.16 0 7 0.40 0.76 0.48 
sulfur 1 30 0.17 0.73 | 0.41 
7 5 0.16 0.73 0.41 
| 4] 5 | 0.12 | 0.69 | 0.32 
| 5 5 0.13 | 0.71 0.36 











of the radioactivity was recovered in the urine after 30 minutes. The 
results with sulfated or iodinated insulin were similar. In two exper'- 
ments with normal rats, 66 per cent and 67 per cent of the radioactivity 
were recovered after 18.5 hours and 83 and 75 per cent after 78 hours. 
Dialysis of Urine Samples—To study the nature of the radioactive sub- 
stances excreted, samples of urine from dogs and rats injected with isotopi¢ 
(sulfated) insulin were dialyzed in cellophane sacs, and the residual radio- 





activ 
volu 
The 


of ioc 


Dial 


Expe 
N 


ht 


nt 


om 


ma 


7 


The 
peri- 
vity 


sub- 
opic 


1dio- 






















HAUGAARD, VAUGHAN, HAUGAARD, AND STADIE 553 


activity was determined. Dialysis both against running water and known 
volumes of water was performed. The sacs were agitated during dialysis. 
The results of the experiments are shown in Table IT. 












70 

60.] SULFATED INSULIN I.V. 
2 
uJ 
be 
& 504 
oO 
x 
uJ 
7 404 
- 1ODINATED INSULIN IV. 
= 
5 304 
S 
a 
& 204 
Cd 

10- SULFATED INSULIN 

SUB. Q 
0 ' T T T tT T 
1 2 3 4 5 6 
HOURS \ 
Fic. 2. Excretion of radioactive substances in urine of dogs after administration 
of iodinated or sulfated insulin. 
TABLE II 


Dialysis of Urine Samples from Dogs and Rats Injected with Isotopic (Sulfated) Insulin 








‘ ‘. . Non- 
E t . Mode of T ft T f . 
—" Animal odminteteation injection. dialysis _ ity 
hrs. hrs. vd = 
1 Dog Intravenously 2 60 32 
2 ™ Subcutaneously 3 91 49 
3 Rat “~ 18.5 71 21 
4 ” . 19.5 71 24 
5 Control, insulin 19 97 
sulfate 20 96 




















Sodium sulfate (0.07 to 0.2 m) added in Experiments 1, 2, 4, and 5 to facilitate 
dialysis of the radioactive sulfate ion. 


In some instances, as noted in Table II, excess of sodium sulfate was 
added to dilute free sulfate and thus facilitate the removal of any radio- 
active sulfate which may have been formed from the sulfated insulin. 

Only one-fourth to one-half of the radioactivity present in the urine of 
both the dog and rat, in contrast to essentially all of the original insulin 
sulfate, is non-dialyzable. The insulin obviously has been dissociated 
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into smaller particles after injection. Whether or not some of the radio- 
activity lost by dialysis is free sulfate split off by enzymatic processes in 
the body cannot be said. It appears unlikely that this occurs to any 
appreciable extent, since no radioactivity is found within the red cells, 
which are penetrated by free sulfate ions. The observation that the radio- 
activity from injected iodinated and sulfated insulin appears in the urine 
to about the same extent also indicates that the radioactive substances in 


TaBLe III 
Distribution of Injected Radioactive Insulin Sulfate among Tissues of Rat 


Insulin (about 15 y) was injected subcutaneously or intravenously. The animal 
was killed 30 minutes later and the insulin calculated from the radioactivity of the 
tissues. 

















Experiment No. seSdies make etude ed eta 1 2 
RL 3 des tatin vhisamnéeatntnairinneatteatod 150 247 
IE ois608 6 26h hi cncashccasedncsabaven In tail vein Subcutaneously 
Per cent Per cent 
y per gm.| Total* of ins ¥ per gm.| Total* pb 
insulin insulin 
J Y 
ES isc hae inst sae cs akan ore 0.105 | 1.31 8.8 | 0.187 | 3.74 24.3 
NE IIE 6 oii o2s wid hank, coe wee 0.036 | 2.45 | 16.4 | 0.085 | 9.46 | 61.4 
Ne Saale 4 yao aaik aie sure bows a 0.522 | 2.03 13.6 | 0.093 | 0.60 3.9 
RN a iar a, Aine A ReW kbs ase Ser 2.15 2.10 14.1 | 0.378 | 0.61 4.0 
ee Cee ee ree 0.1388 | 3.85 25.8 | 0.131 | 6.02 39.1 
ho, 4. 2eisegs diisten anni, 0.108 | 1.35 9.1 | 0.055 | 1.13 7.3 
I, 5 yy cc bcs = oreaeeoenen 0.040 | 0.12 0.8 
RE See eee ees aa er 0.165 0.031 
oF a ctcce b0'acb-oree 6:05 ahs -9 rhe 0.023 | 0.05 0.3 
ESERIES Sg he ire ee 0.99 6.7 0.37 2.4 
RE eae ce en Oe 14.1 95 22.1 143 























* Calculated assuming the distribution of weight of the various organs as de- 
termined by Crandall and Drabkin (7). 


the urine do not merely represent free inorganic ions. A strong possibility 
is that part of the insulin has become dissociated in the body into smaller 
moieties which no longer have insulin activity and are excreted by the 
kidney. Further experiments are necessary to answer these questions. 
Distribution of Sulfated and Iodinated Insulin in Tissues of Rats—The 
distribution of radioactive labeled insulin among the tissues of the body 
was studied in a series of experiments. A known amount of radioactive 
sulfated or iodinated insulin was injected into a rat, either subcutaneously 
or intravenously. The rat was then killed by decapitation after a specified 
period of time, usually 30 minutes, samples of tissue were analyzed for 
radioactivity, and the results expressed as micrograms of insulin equivalents 
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r gm. of wet weight of tissue or in percentage of the activity of the blood. 
i0- per gm pe g y 
a In interpreting the results it should again be remembered that we are 
‘i measuring the radioactive insulin plus breakdown products containing the 
“4 radioactive label. 
™ Recovery of Injected Sulfated Insulin—In Table III are given the data 
os from two experiments designed to measure total recoveries of isotope after 
a injection of radioactive sulfated insulin. The percentage weights of the 
TABLE IV 
Comparison of Distribution of Radioactive Insulin Sulfate and Iodinated Albumin after 
4 Intravenous Administration in Rats 
m 
the Experi- | : 
y Blood — Liver Kidney Heart Brain , ay 
Insulin sulfate (17 y) injected; sacrificed 30 min. later 
cent + per ml.|\y per gm. fowed \, per gm. ps y per gm. = y per gm. =. y per gm. =, y per gm. 
in- 
4 1 | 0.072 | 0.032 | 44 | 0.139 | 193] 1.90 2640] 0.040 | 55 | 0.004 | 6 
— 2 | 0.114 | 0.023 | 20 | 0.172 | 151) 2.44 |2140) 0.057 | 50 | 0 0 | 0.068 
3 | 0.146 | 0.040 | 27 | 0.348 | 238] 4.42 [3030 0.006 | 4 | 0.025 
t.3 4 | 0.181 | 0.029 | 16 | 0.353 | 195) 1.81 |1000) 0.070 | 39 | 0.002 | 1 | 0.022 
1.4 5 0.012 0.219 0.72 
3.9 6 | 0.105 | 0.036 | 34 | 0.522 | 497) 2.15 |2050 
+.0 maka = —s Seiad ae 
¢ Mean | 0.124 | 0.029 | 28 | 0.292 | 255] 2.24 |2172| 0.056 | 48 | 0.003 | 3 | 0.038 
i. 
+S Iodinated albumin (I'*!) injected; sacrificed 30 min. later 
24 1 | 0.0459) 0.0019) 4 | 0.0154| 33) 0.0150 33| 0.0088} 19 | 0.0019) 4 | 0.0023 
; 2 | 0.0486) 0.0029} 6 | 0.0110} 23) 0.0150} 31) 0.0091) 19 | 0.0033) 7 | 0.0027 
. Nt nit, Tee + Fite: torteages Tal abit bli 
— Mean | 0.0474| 0.0024) 5 | 0.0132| 28) 0.0150 32} 0.0090) 19 | 0.0026) 6 | 0.0025 
de- 
The data are expressed in two ways: (a) as micrograms per ml. or gm.; (6) relative 
to blood concentration, per cent. 
lity ;' , :; 
sller different organs of the rat as determined by Crandall and Drabkin (7) 
the were utilized in estimating the total content of radioactivity of each organ. 
‘ Despite the approximations involved, it was found that the radioactivity 
The of the injected insulin was accounted for reasonably well. It appears that 
ody a large proportion of the radioactivity is present in blood, muscle, and skin. 
tive After intravenous injection 28 per cent is accounted for in liver and kidney, 
usly i contrast to only 8 per cent in these tissues after subcutaneous injection. 
‘fied This has been a constant finding in other similar experiments. 
| for Distribution in Tissues after Intravenous Administration—Studies on 
ait the distribution of intravenously injected radioactive labeled insulin sulfate 
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are illustrated in Table IV. For comparison similar experiments with 
iodinated albumin are included. The results are expressed both as con- 
centration in micrograms of insulin equivalents per gm. of wet weight of 
tissue and in per cent of the concentration in the blood. 

Because of the large size of the albumin molecule, this substance may be 
considered to be present mainly in the vascular system and its concentra- 
tion in a tissue proportional to the blood content. If the concentration of 
a substance, relative to that of blood, is much greater in a tissue than the 
value for albumin, it would indicate a special ability of the tissue to concen- 
trate the substance in question. The results indicate that this is true for 
sulfated radioactive insulin, and the findings are compatible with the 
assumption that insulin may undergo a chemical combination with cyto- 
structural elements. Other evidence for this phenomenon has been pre- 
sented (5, 6). 

The most striking results of the experiments shown in Table IV are the 
findings that with all the tissues studied, except brain, much more radio- 
active sulfated insulin is present than can be accounted for by its distribu- 
tion in the vascular system. Brain is unique in that almost no sulfated 
insulin is found in this tissue, the concentration being only one-tenth that 
of muscle or adipose tissue and similar to that found for iodinated albumin. 

The concentration in the kidney is higher than that in any other tissue, 
being about 20 times that of blood. In part this high concentration may 
be due to the presence of radioactive substances in excreted urine in the 
tubules of the kidney cortex taken for analysis. Second to the kidney is 
the liver, which also has great ability to accumulate the injected radio- 
active sulfated insulin. 

Distribution in Tissues after Subcutaneous Injection—In Table V are 
recorded experiments in which the distribution of sulfated or iodinated 
insulin is determined after subcutaneous administration. Data obtained 
after injection of iodinated (I'*') albumin are included for comparison. 

It is remarkable that the blood concentration reaches values as high as 
those obtained after intravenous administration. There is apparently a 
very rapid absorption from the site of injection. In one experiment in 
which the amount present at the site of injection was determined, only 
about 10 per cent of the isotopic insulin injected was left after 30 minutes. 

In general the results are similar to those obtained after intravenous 
administration. The brain contains very little radioactive labeled insulin, 
muscle and adipose tissue more, and liver and kidney the highest amounts. 
However, the concentrations in liver and kidney are much lower than those 
obtained after intravenous administration. The reason for this may be 
that, when a large amount of isotopic insulin is injected suddenly into the 
vascular system, the immediate concentration reaches very high values; 
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after subcutaneous administration the concentration in the blood increases 
slowly from zero. In the 30 minutes preceding the analysis the tissues 
have, therefore, been exposed to very different conditions in the two types 
of experiments. 

The results with iodinated and sulfated insulin do not appear to differ 
significantly. When the results are compared with the relative distribu- 
tion of iodinated albumin, it is again evident that sulfated and iodinated 
insulin are concentrated to a much greater extent in liver and kidney. 
With the other tissues, however, there were no significant differences. It 
is interesting that the concentration of the albumin in the blood after sub- 
cutaneous injection is much lower than in similar experiments in which 


TABLE VI 


Distribution of Free Sulfate Injected Intravenously in Rat 
Radioactive sodium sulfate was injected into the rat in an amount corresponding 
to3.07 ofS. Relative distribution in different tissues determined after 30 minutes. 
Mean of experiments with insulin sulfate and iodinated albumin included for com- 
parison. Values in per cent of concentration in the blood. 

















Free sulfate | 
| | Insulin sulfate, | Iodinated albu- 
| mean* min* 
| Experiment 1 | Experiment 2 | 
| 
Skeletal muscle................ | 18 19 28 5 
Re hiss os a aa tats ose nas 66 40 | 255 28 
gs 2.0 ig Foe sins abs ss s 45 68 73 2172 32 
Brain. . ear pe er he etrer 5 9 3 
Adipose tissue. | 20 24 31 6 





* See Table IV. 


the substance was injected intravenously. It is apparently absorbed much 
more slowly than insulin from the site of injection. This was verified by 
determining the amount left at the site of injection after 30 minutes. 

The reason for the higher concentrations of albumin in the different 
tissues relative to the blood after subcutaneous injection, when compared 
to the distribution after intravenous administration, is not clear. 

Distribution of Radioactive Sulfated Insulin Compared to That of Sulfate 
Ion—In Table VI two experiments are recorded in which the relative dis- 
tribution of free sulfate was determined after intravenous injection. For 
comparison the mean values of the experiments with sulfated insulin and 
iodinated albumin (see Table IV) are included. 

The distribution of the free sulfate is completely different from that of 
the sulfated insulin. The figures illustrate the ability of the various tissues 
to concentrate the sulfated insulin. With the brain, similar values are 
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obtained with all three substances. The brain appears to be unique in 
this respect, and the low concentration of radioactive insulin found after 
injection is compatible with the existence of a “blood-brain” barrier which, 
as is well known, excludes even small molecules from cerebral tissue. 

The finding that injected radioactive sulfate has a very different distri- 
bution from that of sulfated insulin is further evidence that appreciable 
splitting off of a sulfate from sulfated insulin does not occur. 

Concentration of Insulin in Tissues As Function of Time after Injection— 
In Fig. 3 are plotted the results of experiments in which rats were injected 
subcutaneously with 17 y of radioactive iodinated insulin. The animals 
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Fic. 3. Concentration of iodinated insulin in tissues of the rat after subcutaneous 
injection of 2 units (69 y). Weight of rats, about 200 gm. 


were killed after various periods of time, and the concentration of insulin 
in blood and other tissues was determined. 

The concentration of iodinated insulin in the blood increases and reaches 
amaximum after 2 hours. The concentration in the kidney is much higher 
than that in the blood, and the shape of the curve is similar to that of the 
blood concentration curve. The concentration in the liver also reaches a 
maximum after 2 hours. The amount of iodinated insulin present in 
muscle is considerably lower and is relatively constant during 6 hours. 
The amount present in the brain is very low. After 24 hours (not shown in 
Fig. 3) the concentration of blood isotope reaches about one-fourth of 
the maximal concentration. The amounts present in the other tissues also 
decrease, but at a slower rate, and hence the concentration relative to that 
of blood increases. With these longer term experiments it is probable that 
the radioactivity in the samples increasingly reflects the presence of radio- 
isotope containing breakdown products of the injected iodinated insulin. 
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DISCUSSION 


The interpretation of the experiments reported here is made difficult by 
the fact, already mentioned, that the total radioactivity, which may include 
not only the original labeled insulin but also any breakdown products 
produced in the animal, is measured by the method. 

There are two possible ways in which the labeled insulin molecule could 
undergo transformation in the tissues: (1) by a splitting off of the label as 
free sulfate or iodide; (2) by a process of inactivation, possibly involving 
splitting of the molecule into smaller fragments, some or all containing 
radioactive sulfate or iodide. 

The first type of transformation would be peculiar to the particular 
preparations of insulin used. If such splitting occurred to any large extent, 
erroneous information about the distribution of insulin would be obtained. 
However, there is evidence that the radioactive sulfated insulin and insulin- 
iodide linkages are relatively stable in the body; viz., (1) while injected 
iodide or sulfate penetrates the red cell quite readily, no radioactivity is 
associated with the red cell after administration of sulfated or iodinated 
insulin to dogs even 2 hours after injection ; (2) the results of parallel experi- 
ments with sulfated and iodinated insulin have been similar; (3) the distri- 
butions of free sulfate and sulfated insulin after intravenous administration 
were entirely different (see Table VI). 

That the second type of transformation of insulin, involving a splitting 
of the molecule, occurs is shown by the finding that most of the radioactive 
material which appears in the urine after the administration of radioactive 
sulfated insulin is readily dialyzable, while the sulfated insulin is not. The 
reactions giving rise to the radioactive substances in the urine are pre- 
sumably a part of the natural inactivation of insulin in the tissues and are 
not peculiar to the sulfated or iodinated insulin preparations used in the 
experiments. 

The problem of whether biologically active insulin is excreted by the 
kidney has been studied previously. Conflicting data were obtained in 
earlier studies in which attempts were made to demonstrate blood sugar- 
lowering substances in normal or diabetic urine. However, Cutting (1) 
in carefully controlled experiments failed to demonstrate the presence of 
insulin in the urine of man by methods which were capable of detecting 
the presence of 0.25 unit of insulin per 100 ml. of urine. Mirsky and Broh- 
Kahn (8), using a more sensitive method, involving dialysis of the urine 
samples, found that normal subjects excreted small amounts of insulin. 
The average daily excretion in eleven subjects was 0.16 unit. When large 
amounts of insulin were given, only a minute fraction could be accounted 
for in the urine. For example, after administration of 400 units of insulin 
intravenously, the extra amount of active insulin excreted during the sub- 
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sequent 24 hours was only 0.4 unit or 0.1 per cent of the quantity injected. 
These careful studies indicate that excretion of unchanged biologically 
’ active insulin takes place to a very limited extent. 

Mirsky concluded that insulin undergoes a rapid destruction in the body. 
In the light of these findings it appears that the radioactivity found in the 
1 urine after administration of labeled insulin preparations is associated 
; with breakdown products of insulin. 

: In view of the impossibility with the present method of distinguishing 
: between radioactive sulfated insulin itself and breakdown products of 
insulin containing isotope, the results of the distribution studies are difficult 


. tointerpret. However, there is indirect evidence that in short term experi- 
' ments a large part of the radioactivity of the tissue samples is associated 
i with the originally injected radioactive sulfated insulin. (1) The studies 
. of the excretion of radioactive substances in the urine show that after 30 
d minutes (the time of most of the distribution studies) only about 5 per 
i cent of the injected quantity of isotope has appeared in the urine. Assum- 
d ing that a preliminary degradation of the labeled insulin is necessary for 
4. excretion by the kidney, it is probable that much of the radioactive sulfated 
5. insulin in the body has not yet become degraded. (2) In experiments 
- carried out to test the ability of tissue slices to split added sulfated insulin, 

rat diaphragm, liver, and kidney slices were equilibrated with 3.4 y (0.1 
ng unit) of sulfated insulin per ml. for 90 minutes. There was only a small 
ve or no increase in the amount of easily dialyzable material at the end of the 
ve equilibration period, indicating a very limited ability of these tissues to 
he split insulin into smaller fragments in vitro. (3) In earlier experiments 
re (5, 6) it has been demonstrated that sulfated insulin per unit of mass 
are (measured by its radioactivity) caused the same acceleration of glycogen 


he synthesis by the rat diaphragm in vitro, whether it had been introduced 
into the diaphragm in vitro or whether the radioactive sulfated insulin had 
the been injected into the animal 30 minutes prior to removal of the diaphragm 

7” from the animal and equilibration in vitro. These results are best explained 
ar- by assuming that in both cases the isotopic insulin was essentially intact. 
(1) (4) Insulin injected into animals is known to exert a physiological action 
of of several hours duration. 


ing From these considerations it appears probable that for short term experi- 
oh- ments the distribution of radioactivity among the different tissues reflects 
ine the ability of the various tissues to accumulate the injected labeled insulin. 
lin. The distribution experiments reveal that the concentration of sulfated 
arge or iodinated radioactive insulin after its administration to the animal varies 
ited widely from organ to organ. The distribution of labeled insulin is quite 
ulin different from that of iodinated albumin or free sulfate. The high concen- 
sub- tration in the kidney is possibly a consequence of excretory processes. 
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High concentrations are also found in the liver, especially after intravenous 
administration. This observation is in agreement with the findings of 
Weisberg et al. (9) who have shown that the perfused liver is able to remove 
from or inactivate insulin in the circulating blood. Mirsky and Broh- 
Kahn (8) believe that inactivation of insulin in the body takes place mainly 
in the liver and have demonstrated extensive destruction of insulin in 
vitro by liver extracts. 

In contrast, liver muscle and adipose tissue have much less ability to 
concentrate the injected radioactive insulin, and the lowest concentrations 
were consistently found in brain tissue. 

There is much evidence that the metabolism of brain is unique in that 
it is independent of the presence of insulin. It appears from our studies 
that insulin present in the blood enters brain tissue to a very limited extent. 

It is interesting that considerable amounts of injected insulin may be 
accounted for in skin and intestine. In particular, the skin has an active 
glycogen metabolism, but the réle of insulin in this is essentially unknown. 

In general the experiments indicate to us that tissues have the ability 
to remove insulin from the circulation and that this ability varies widely 
from one tissue to another. This may be related to a specific binding of 
insulin by tissue structures. 

It is worth noting that the use of an insulin with a “built in” radio- 
isotope (e.g. S** in cystine) for experiments similar to those described here 
would not completely avoid all of the difficulties encountered with sulfated 
or iodinated insulin. While splitting off of the radioisotope would be 
eliminated, the association of the radioactivity with a biologically inactive 
breakdown product of insulin would not. Only measurements of specific 
bialogical activity would completely avoid the difficulties discussed. Such 
methods for the measurement of the minute amounts of insulin when 
associated with tissues are not now available. 


SUMMARY 


Radioactive sulfated or iodinated insulin was administered to dogs and 
rats, and the distribution of radioactive material in the tissues and its 
excretion in the urine were determined. Evidence was obtained that no 
appreciable removal of sulfate or iodide from the labeled insulin molecule 
took place in the anima] and that the radioactivity determined corre- 
sponded to unchanged labeled and insulin inactivation products of insulin 
formed in the body. 

There was a rapid excretion of radioactive substances in the urine of 
dogs and rats after administration of sulfated or iodinated radioactive 
insulin. These substances, in contrast to the original radioactive labeled 
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insulin, were quite readily dialyzable, indicating that the labeled insulin 
molecules had undergone degradation in the body. 

The concentration of radioisotope varied widely from tissue to tissue 
after administration of isotopic insulin, with a distribution different from 
that obtained after injection of radioactive iodinated albumin or free 
sulfate. ‘These findings were interpreted to reflect the ability of the various 
tissues to concentrate the injected insulin preparations. Liver and kidney 
appeared to have the greatest ability to concentrate the injected insulin, 
while little or no insulin entered the brain. 
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THE N-TERMINAL SEQUENCE OF SERUM ALBUMINS; 
OBSERVATIONS ON THE THIOHYDANTOIN 
METHOD* 


By E. 0. P. THOMPSON 
(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, December 21, 1953) 


For the determination of N-terminal sequence of amino acids in peptides 
and proteins the 1,2,4-fluorodinitrobenzene (FDNB) method (dinitro- 
phenyl (DNP) method) of Sanger (1) has been successfully used. From a 
series of DNP peptides identified in partial acid hydrolysates of the DNP 
protein, the N-terminal sequence can be deduced (2-5). A limitation of 
this method is that, if an acid-labile peptide bond involving serine, threo- 
nine, or tryptophan is close to the N-terminal residue, few, or possibly no 
DNP peptides, will be obtained. Moreover, no DNP peptides higher than 
pentapeptides have been identified by this method. 

An alternative approach involves stepwise degradative procedures (6) 
and recently the thiohydantoin method of Edman (7) has been applied to 
proteins (8-11). With this method it is theoretically possible to proceed 
down the chain with small quantities of material, provided that a highly 
selective method for the cleavage and cyclization of the phenylthiocar- 
bamyl (PTC) derivative is available and that good yields are obtained at 
each stage. 

The results with insulin in aqueous media (10) suggested that the cleav- 
age did not proceed smoothly and resulted in scission of other peptide 
bonds, probably those involving the amino groups of hydroxyamino acids. 
With saturated guanidine hydrochloride solutions (8) the reaction has been 
shown to be reasonably quantitative, with losses of 15 to 20 per cent in ex- 
periments with tripeptides and proteins. By continuous extraction of the 
phenylthiohydantoin during the cleavage reaction in aqueous buffer solu- 
tions, almost quantitative recoveries have been achieved with simple pep- 
tides (12). However, the phenylthiohydantoins of arginine, lysine, histi- 
dine, and cystine are not extractable from aqueous solutions (10). The 
original method of Edman (7, 13) used non-aqueous media for the cleavage 
and cyclization step, and a modification of this type of reagent followed by 


*This investigation was aided by a grant from the Rockefeller Foundation to 
Professor E. LL. Smith and by grants from the National Institutes of Health, United 
States Public Health Service. 
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identification of the phenylthiohydantoins on paper chromatograms has 
been successfully used with several proteins (9). 

This technique has now been applied to carboxypeptidase, the N-termi- 
nal sequence of which is asparaginylserine (14). Preliminary experiments 
gave the expected thiohydantoin of asparagine, identified by paper chroma- 
tography (9, 15), but the yield was poor. With human serum albumin, 
which was more readily available and the DNP derivative of which has 
been shown (16, 17) to give 1 mole of DNP-aspartic acid after acid hy. 
drolysis, the phenylthiohydantoin of aspartic acid was obtained in poor 
yield. The low recovery was due to loss of the thiohydantoin after the 
cleavage reaction, since the residual protein, after coupling with FDNB 
followed by acid hydrolysis, gave a much higher yield of the DNP deriva- 
tive of the 2nd amino acid residue which proved to be alanine. The se- 
quence aspartylalanine was confirmed by isolation of DNP-aspartylals- 
nine from partial hydrolysates of the DNP protein. Bovine serum albumin 
was also examined by both the Sanger and Edman techniques. The re- 
sults indicated the N-terminal sequence aspartylthreonine, different from 
that in human serum albumin. 


EXPERIMENTAL 


The human serum albumin (kindly supplied by Dr. E. L. Smith) was 
prepared by Method 5 of Cohn et al. (18) and reprecipitated at its isolectric 
point with 40 per cent ethanol until electrophoretically homogeneous. 

Bovine serum albumin (Armour) and carboxypeptidase (Worthington, 
recrystallized three times) were commercial preparations. The 3-phenyl- 
2-thiohydantoin (PTH) derivatives of amino acids were prepared as de- 
scribed by Edman (19), but acetic acid-hydrogen chloride (13) was used 
for cyclization of the PTC derivatives. 

Preparation of 3-Phenyl-2-thiocarbamyl Derivatives of Proteins—The al- 
bumins (1 gm.) were dissolved in 10 ml. of water, the pH was adjusted to 
8.5 with triethylamine, and 2.5 ml. of dioxane were added. A solution of 
phenyl isothiocyanate (1 ml.) in 7.5 ml. of dioxane was slowly added with 
stirring, the reaction mixture being maintained at 40° and pH 8.5. Stir- 
ring was continued for 1 to 2 hours and the reaction mixture was then ex- 
tracted six times with 50 ml. portions of benzene. The residual suspension 
was evaporated to dryness in vacuo and washed with acetone and ether. 
Yield 1.14 gm. 

The PTC-carboxypeptidase was prepared similarly with smaller amounts 
of carboxypeptidase in suspension. 

Cleavage of PTC Proteins, Extraction, and Identification of 3-Phenyl-2- 
thiohydantoins—The PTC human albumin was cleaved with the reagents 
shown in Table I, and PTC bovine albumin and PTC-carboxypeptidase 
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has were treated as described below. After completion of the reaction period 
the anhydrous reagents were removed in vacuo. The PTH derivatives 


mi- | were extracted from the dry residue by shaking three times with 50 ml. 
ants portions of ethyl acetate, since this was found to be a better solvent than 
ma- ether. Extraction was also tried on an aqueous suspension of the residue at 
nin, | pH 3, but in both cases recovery of the PTH amino acids was low. 

has With the citrate buffer, continuous extraction with benzene during 


hy- | cleavage at 65-70° for 20 hours was used (12). The insoluble PTC deriva- 
D00r tive tended to “creep” up the sides of the flask and continuous contact 
the 











NB TABLE I 
‘iva- Yield of DNP Amino Acids after Acid Hydrolysis from DNP Derivative of Residual 
io Protein Obtained by Cleavage of PTC Human Serum Albumin 
lala- | Yield* (moles 
min Cleavage reagent Conditions DNP amino acids identified! Pg 
wt. 69,000) 
> Te- eS, Zeer | cen a 
Tom Acetic acid-hydrogen chlo- | 5 min., 39° | Alanine 0.5 
ride (13) t | Threonine 0.2 
Serine 0.1 
| Aspartic acid 0.1 
Dioxane-hydrogen chloride | 2 hrs., 25° Alanine 0.5 
= (21)f | Threonine 0.15 
ctric | Serine 0.1 
| | Aspartic acid 0.1 
ston, Formic acidt | 2 hrs., 25° | Alanine 0.6 
onyl- | Aspartic acid 0.1 
Citrate buffer, pH 4.5 (0.05 20 hrs., 65-70° | Alanine 0.25 
s de- M) (12)f Aspartic acid 0.1 
used ! 








* Corrected for destruction with factors of Porter and Sanger (20). 
e al- } Bibliographic citation. 

ad to t Suggested by Dr. F. Sanger. 

2 with the aqueous solution could not be maintained. This may account 
Stir. for the small amount of cleavage (Table I). 

pert The PTH derivatives were identified by paper chromatography (9, 15). 
ait For the separation of PTH-aspartic acid and PTH-asparagine, Solvent C 
de of Sjéquist (15) gave best results. The 2-butanol buffer system of Land- 
' mann et al. (9) was also useful. The spots were detected with an iodine- 
adil azide reagent similar to that of Sjéquist (15), but pretreatment of the paper 
(Whatman No. 1) with starch was not used. The spots appeared white on 
ay? a brown background. 

gents With PTC-carboxypeptidase (25 mg.) cleavage and cyclization were 
Fidase elected with 5 ml. of acetic acid-hydrogen chloride (5 minutes, 30°) and 
anhydrous formic acid (2 hours, 25°). Aliquots equivalent to 5 mg. gave 
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spots of PTH-asparagine and no PTH-aspartic acid on paper chromato. 
grams. 

Both PTC human serum albumin and PTC bovine serum albumin (f) 
mg.) gave only PTH-aspartic acid under the above conditions with aliquots 
equivalent to 10 mg. However, the recoveries were poor and from the 
spot intensities a maximal yield of 5 per cent was estimated. Similar low 
yields were obtained after barium hydroxide regeneration of the amino 
acids (7). Dimethylformamide is a good solvent for PTH derivatives and 
this extracted somewhat larger amounts, though its high boiling point was 
a disadvantage. 

Reaction of Residual Protein with FDNB—The residue, after the cleay- 
age and cyclization step, was collected and coupled with FDNB in the 
usual way (22). After the mixture had been shaken for 3 hours, it was 
extracted three times with ether to remove unchanged FDNB and the 
residue was hydrolyzed with 5 ml. of 6 n hydrochloric acid (redistilled three 
times in glass and used in all the work reported herein) in a sealed tube at 
105°. The hydrolysate was investigated by methods previously described 
(5). 

For human albumin the DNP amino acids identified and the yields 
obtained with various cyclization reagents are shown in Table I. The 
accuracy of these measurements was probably low, as no special deter- 
minations of correction factors for destruction of the DNP amino acids 
were made. 

Investigation of DNP Serum Albumins—The coupling with FDNB fol- 
lowed the standard procedure (22). Amide estimations showed that 10 
mg. of air-dried DNP human serum albumin corresponded to 79 mg. of 
moisture-free albumin. The amide ammonia content of human serum 
‘albumin was 0.94 gm. per 100 gm. This value is somewhat lower than 
that of Brand et al. (23) who found the amide content of human and bovine 
serum albumins to be identical, 1.05 gm. to 100 gm. Stein and Moor 
(24), however, found a maximal amide content of 0.95 gm. per 100 gm. 
for bovine albumin. The number of FDNB reactive groups in human and 
bovine albumins is very similar (25) and the content of protein in DNP 
bovine albumin was assumed to be identical with that for human a]bumin. 

The methods of hydrolysis, extraction, chromatography on buffered 
Celite 545 columns (26), and estimation of DNP derivatives from com- 
plete and partial hydrolysates were the same as those previously de- 
scribed (5), ethyl acetate being used for the extraction (2) of partial 
hydrolysates. The yields of DNP derivatives are expressed in moles per 
mole of serum albumin, mol. wt. 69,000. 

Complete hydrolysates of human serum albumin (16 hours) gave 0.72 
mole of DNP-aspartic acid (uncorrected). No other DNP amino acids 
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were detected. With 12 n hydrochloric acid, after 16 hours of hydrolysis 
at 105°, no DNP-proline was detected (20) and only 0.26 mole of DNP- 
aspartic acid (uncorrected) was obtained. This is a much higher destruc- 
tion than in 6 N hydrochloric acid and a much lower recovery than that 
found by Porter and Sanger (20). 

Complete hydrolysates of DNP bovine serum albumin (18 hours) gave 
0.64 mole of DNP-aspartic acid (uncorrected). Correction factors were 
not determined, since previous workers (16, 17) have established stoichio- 
metric values of 1 mole for a molecular weight 69,000. If the correction 
factors of Porter and Sanger are applied, the recoveries are 0.98 and 0.92 
moles for human and bovine albumins, respectively. 

Partial hydrolysates of DNP human albumin gave several DNP-aspartyl 
derivatives. After 8 days of hydrolysis (12 n HCl, 37°) DNP-aspartic 
acid (R (the rate of the movement of the band compared to that of the 
solvent) = 0.3; 0.2 mole) and DNP-aspartylalanine (R = 0.02; 0.1 mole) 
were isolated on an ether column at pH 4. The major DNP-aspartyl 
derivative (approximately 0.4 mole), however, moved much more rapidly 
than either of these two derivatives (R = 0.13, chloroform, pH 4; R = 1.0, 
chloroform-ether 1:1, pH 4; R = 0.3, ethyl acetate, pH 6.5). This band 
tended to split incompletely on some columns, but both fractions behaved 
similarly on other columns and on hydrolysis. Complete hydrolysis of this 
band and the very slow band gave DNP-aspartic acid and alanine in equi- 
molecular amounts, but no other major component was detected in the 
fast band. The rate of the fast band suggested the presence of another 
amino acid residue bearing a second DNP group, but this has not been 
detected in hydrolysates. The absorption spectrum of this DNP deriva- 
tive changed rapidly in 1 per cent sodium bicarbonate but was normal in nN 
hydrochloric acid with a maximum at 350 my (2). DNP-asparagine has 
a lower R value on chloroform and ether columns than DNP-aspartic 
acid, and it is improbable that either the slow or the fast band was a DNP- 
asparaginyl derivative, since they were obtained after 18 and 23 days of 
hydrolysis (12 n HCl, 37°), conditions which deamidate proteins (27). 

DNP bovine serum albumin gave only DNP-aspartic acid (0.59 mole) 
on partial acid hydrolysis (12 n HCl, 8 days, 37°) and no DNP-aspartyl 
peptides were detected. After 1 day DNP-aspartic acid was again the 
only DNP-aspartyl derivative obtained (0.42 mole) and no DNP-aspara- 
gine could be detected. DNP-asparagine itself was recovered in 41 per 

cent yield under similar conditions. These results suggested that the 
N-+erminal residue was an aspartyl rather than an asparaginyl residue 
and that the N-terminal sequence was different from that in human serum 
albumin. 

After cleavage of the PTC derivative, as previously described, only the 
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phenylthiohydantoin of aspartic acid was obtained, though in poor yield, 
By coupling the residue from this cleavage reaction with FDNB and identi- 
fiying the ether-soluble derivatives obtained on acid hydrolysis only DNP. 
threonine was detected (0.25 mole). This result, together with the absence 
of DNP-aspartyl peptides in partial hydrolysates of DNP bovine serum 
albumin, suggests the N-terminal sequence aspartylthreonine. 


DISCUSSION 


The quantitative yield in the cleavage of PTC peptides under anhydrous 
conditions has only beer determined indirectly by previous workers (7, 13) 
on the basis of the yield of the residual amino acid or peptide. With PTC 
proteins Landmann et al. (9) gave no estimate of yields, and other investi- 
gators (11, 21) have measured the amino acid content before and after 
removal of the free amino groups. 

The poor yields of the phenylthiohydantoins of aspartic acid and aspars- 
gine obtained in the experiments described suggest severe limitations in 
the application of this method to proteins. Moreover, with several of the 
reagents used, some DNP-threonine and DNP-serine were also present, 
indicating cleavage of peptide bonds involving the amino groups of these 
amino acids. This is not surprising in view of the acyl migration which 
these amino acids readily undergo (28), a factor which contributes to the 
lability of such peptide bonds. Repeated treatments with these reagents 
would increase the number of amino groups of these amino acids and lead 
to equivocal results. 

That the low yield of phenylthiohydantoins is due to destruction or ex- 
traction difficulties is supported by the much greater yield of amino groups 
of the 2nd residue exposed in the cleavage product. 

It is of some interest that Waley and Watson (29) have reported diffi- 
culty (17 per cent yield) in extracting a thiohydantoin of alanine (5-methyl- 
2-thiohydantoin) added to solutions of acetylated insulin. 

For the more limited objective of determining amino acid sequences in 
peptides obtained from partial acid hydrolysates of proteins, these con- 
siderations may not apply, since bonds involving the amino groups of 
serine and threonine are probably absent, and the modification which em- 
ploys aqueous buffer solutions for the cleavage with continuous extraction 
of the PTH amino acids has been demonstrated (12) to give excellent re- 
coveries. 

The free amino groups of both human and bovine serum albumin are 
located on aspartyl rather than asparaginyl residues, since no evidence of 
PTH-asparagine was obtained under the conditions which gave PTH-as- 
paragine from PTC-carboxypeptidase. For bovine albumin this conclusion 
is supported by the absence of DNP-asparagine after a short period of 
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ld. partial hydrolysis under conditions in which 41 per cent of DNP-asparagine 
iti F was recovered. It has been shown (16, 17) that the N-terminal residues 
'P- J of the serum albumins from different species (human, bovine, equine, and 
ne } porcine) are the same, after acid hydrolysis of the DNP proteins, but the 
um § different N-terminal sequence in human and bovine serum albumins is not 
surprising in view of their differences in amino acid composition (25). It 
is interesting that this species difference involves the replacement of an 
alanine residue by threonine, since the species difference in bovine and por- 
9 cine insulins has previously been found (30) to involve a similar replace- 


ment and has also revealed differences in the content of amino acids of 
TC | dated structure (31, 32). 


sti- 

” I wish to thank Dr. P. Edman and Dr. W. A. Landmann for forwarding 
copies of recent papers from their laboratories in advance of publication 

- and Dr. Emil L. Smith for his interest in this work. 

the SUMMARY 

ent, 


hese The thiohydantoin method for the detection of free amino groups and 
hich | stepwise degradation of proteins has been applied to human and bovine 
the | serum albumins and to carboxypeptidase. The free amino groups de- 
ents 4 tected were in agreement with previous findings, but the quantitative re- 
lead {| coveries were poor. ‘This is due to difficulties in recovering the 3-phenyl-2- 
thiohydantoin derivatives rather than to difficulties of cleavage. 

r eX: By the 1,2,4-fluorodinitrobenzene technique, the thiohydantoin tech- 
oups | nique, and a combination of the two, the species difference in human and 
bovine serum albumins has been confirmed. Whereas human serum al- 
difi- } bumin has the N-terminal sequence aspartylalanine, in bovine serum al- 
thyl- | bumin it is aspartylthreonine. 
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SPECIFICITY OF PROLIDASE: EFFECT OF ALTERATIONS 
IN THE PYRROLIDINE RING OF GLYCYL-L-PROLINE* 


By ELIJAH ADAMS,{ NEIL C. DAVIS, ann EMIL L. SMITH 

(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 

Departments of Biological Chemistry and Medicine, University of Utah 
College of Medicine, Salt Lake City, Utah) 


(Received for publication, December 21, 1953) 


Recent work in this laboratory has yielded preparations of prolidase 
from equine erythrocytes (1) and from swine kidney cortex (2) which are 
free of detectable amounts of other peptidases and which, therefore, per- 
mit definitive studies of the specificity of this enzyme. It has already 
been shown that prolidase from either of the above sources is specific for 
the imido peptide bonds of dipeptides which contain proline or hydroxy- 
proline, as in glycyl-t-proline, and that the enzyme has no detectable ac- 
tion on polypeptides or proteins (1, 2). 

This paper is concerned with the additional features of specificity which 
are reflected by the differences in the rates of hydrolysis of glycyl-u-proline 
(GP), glycylhydroxy-L-proline (GHP), and glycylsarcosine (GS). 

Prolidase obtained from a number of sources (1-4) hydrolyzes GP ap- 
proximately 8 to 15 times more rapidly than GHP. Since it has already 
been shown (3, 4) that both substrates are hydrolyzed by a single enzyme, 
there are two main possibilities which may be suggested to explain this 
difference in velocity of hydrolysis: first, a change in the peptide bond 
stability reflecting the appreciable difference in the pK’ values of the imino 
group, that for proline being 10.6 and for hydroxyproline 9.7 (5), and sec- 
ond, a hindering effect caused by the position of the hydroxyl group on 
carbon 4 of the hydroxyproline. If the effect is one of peptide bond sta- 
bility, there should be no appreciable variation in the rate of hydrolysis of 
the diastereoisomeric peptides, GHP and _ glycylallohydroxy-.-proline 
(GaHP), since we have found that the pK’ for the imino group of the allo- 
amino acid, as determined by titration, is essentially the same as that of 
the natural isomer. 

Hudson and Neuberger (6) have shown that the carboxyl and hydroxyl 
groups are trans to one another in naturally occurring hydroxy-t-proline 
(see Fig. 1). Whatever the nature of the binding of the substrate carboxyl 

*This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. 


_t Present address, National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, Bethesda 14, Maryland. 


573 






































e-- 





574 SPECIFICITY OF PROLIDASE 


to the enzyme, we would not expect that it should be hindered by a hy.- 
droxyl in the trans position or facilitated by this group in the cis position, 
since the 4 position of the ring is far from the carboxyl group, as shown by 
the construction of suitable models. However, there should be a difference 
in the susceptibility to hydrolysis of the diastereoisomers by prolidase if 
the effect is one of steric specificity involving an interaction of the pyrroli- 
dine ring of glycylhydroxyproline with the enzyme. Moreover, a relative 
decrease in the rate of hydrolysis produced by a 4-hydroxyl in the cis or 
trans position should be further accentuated by a larger substituent in the 
corresponding position on this carbon. This has been tested with the sub- 
strate glycyl-4-methoxy-t-proline (GMP). 


Mie he Mie 
CHo CH2 CH2 
1 
G=0 C=09 C=0 
| 
H N H H N H H N H 
OH ~ M OCH, H 
- COOH - COOH o COOH 
~ H OH ” H H 
GLYCYLHYDROXY — GLYCYLALLO- GLYCYLMETHOXY— 
L-PROLINE HYDROX Y—L-PROLINE L-PROLINE 


Fig. 1. Steric relationships of GHP, GaHP, and GMP 


Results 
The data in Table I, obtained with prolidase preparations from erythro- 


| 
| 


cytes and from kidney, show that GaHP is hydrolyzed at 2 to 5 times the | 
rate of GHP. It is also evident that the unsubstituted compound, GHP, | 


is attacked some 50 to 300 times more rapidly than GMP. The ratios for 
the C; (proteolytic coefficient) values are given in Table IT and show that, 
although the values of the ratios differ with the source of the enzyme, the 
susceptibility of the substrates to hydrolysis by prolidase isin the same rela- 
tive order. 

Since the peptide containing allohydroxy-t-proline is much more sensi- 
tive than GHP, it is evident that the slow hydrolysis of GHP must be due 
primarily to steric factors and not to a difference in peptide bond stability. 
This is substantiated by the extremely poor susceptibility of GMP; this 
result must be ascribed to the presence in the trans position of the large 
methoxy substituent on carbon 4 of the pyrrolidine ring. It is noteworthy 
that the simultaneous presence of GMP and GP in equimolar concentra- 
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tions (0.05 m) yields a rate no different from that obtained with GP alone. 


| This indicates that the enzyme has a relatively low affinity for GMP. 


These results are consistent with the view that the pyrrolidine ring of the 
substrate must undergo some type of interaction with the enzyme; never- 


Taste I 
Action of Prolidase 

Prolidase from equine erythrocytes was prepared as previously described (1); that 
from swine kidney cortex was obtained by the method of Davis and Smith (2). 
(The initial kidney extracts had a proteolytic coefficient, C,, of 0.01; the purified 
material had a C, = 120, representing a 12,000-fold purification.) The extent of 
hydrolysis was determined by the titration method of Grassmann and Heyde (7). 
The enzymes were activated by incubation with 0.02 m MnCl, at pH 7.8 and 40° for 
lhour. Test solutions contained 0.05 m substrate, 0.004 m MnCl., and 0.04 m tris(hy- 
droxymethyl)aminomethane buffer at pH 7.8. The K, values are the first order 


velocity constants expressed in decimal logarithms. C; = K,/E where E is in mg. of 
protein N per ml. 























Erythrocyte prolidase Kidney prolidase 
Substrate —_ 
Enzyme Ki | Ci Enzyme Ki Ci 
mg. protein | | mg. protein | 
| N per ml. | | N per ml. 
Glyeyl-L-proline.... , .| 0.091 0 .0064/0.07 | 0.00010 | 0.0126)126 
Glyeylhydroxy-u-proline. er a 0.91 0.0034'0.0043 | 0.0010 | 0.014 | 14 
Glyeylallohydroxy-t-proline. ... 0.27 0.00600 .022 0.00010 | 0.0023) 23 
Glyeylmethoxy-u-proline. . my 0.91 | 0 .0007/0.00008) 0.010 0.0005) 0.05 
Glyeylsarcosine. . | 0.0010 | 0.011 | 11 





TaBLeE II 
Relative Rates of Hydrolysis of Different Substrates by Prolidase 
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theless, this interaction is not an all or none requirement but apparently 
depends on substituent groupings around the imido peptide nitrogen. 
This effect is also seen when glycylsarcosine is the substrate, for, although 
the pyrrolidine ring is absent in this compound, it is hydrolyzed by the 
wine kidney prolidase at about the same rate as is GHP. The failure of 
Bergmann and Fruton (8) to observe significant hydrolysis of GS may be 
ittributed to their use of a crude enzyme preparation of specific activity 
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insufficient to effect the hydrolysis of this relatively insensitive substrate 
at the enzyme concentration which was used. 

Previous studies of the specificity of prolidase have shown that this 
enzyme is a dipeptidase: the substrate must contain an a-amino (or imino) 
group and an a-carboxyl group adjacent to the sensitive bond (1, 2). 
Furthermore, the enzyme is optically specific, since only 50 per cent of the 
racemic compound, glycyl-pi-proline, is hydrolyzed (8). Thus, all obser- 
vations previously recorded suggest that the enzyme-substrate interaction 
must involve at least three points of attachment, the free amino and car- 
boxy groups and, in addition, either the carbony] oxygen or nitrogen at the 
susceptible peptide bond. Also, it can now be added that, although the 
pyrrolidine ring is not absolutely essential to the enzyme-substrate binding, 
it may represent a fourth point of interaction with the enzyme. 

In view of the fact that Mn** is essential for the action of prolidase (3), 
it is likely that the enzyme-substrate complex involves the formation of a 
coordination complex of the metal with groupings of the substrate, a view 
which has been discussed in some detail elsewhere (9). 


EXPERIMENTAL 


Allohydroxy--proline—This amino acid! was prepared essentially as de- 
scribed by Neuberger (10) who found [a], —58° (2 per cent in water); our 
product gave [a];? —58.2° (2 per cent in water). 

Allohydroxy-u-proline Ethyl Ester Hydrochloride—The above compound 
(11.7 gm.) was esterified twice in 10 volumes of absolute ethanol at 0° with 
dry HCl. A crystalline product (12.2 gm.) was obtained after repeated 
concentration in vacuo with ethanol. After recrystallization from ethanol- 
ether, the melting point was 148-151°. 


C;H,,0;NCl. Calculated. C 43.0, H 7.2, N 7.2 
195.6 Found. “ 43.0, “7.1, “7.2 
Carbobenzoxyglycylallohydroxy-L-proline—Carbobenzoxyglycyl chloride 
(6.6 gm.) was added to a cold ethyl acetate solution of allohydroxy-1- 
proline ethyl ester prepared from 4.0 gm. of the hydrochloride. The reac- 
tion mixture was shaken for 10 minutes in an ice bath and then with a cold 
solution of dilute bicarbonate. The ethyl acetate layer was washed in 
the usual manner and dried over sodium sulfate. The solvent was re- 
moved under diminished pressure. The ester (6 gm. of oil) was saponified 
in acetone with 17.5 ml. of m sodium hydroxide added in portions over 4 
period of 20 minutes. After acidification to Congo red and removal of 


1 The intermediate N-acetylhydroxy-t-proline ester was prepared in good yield 
from N-acetylhydroxy-t-proline by esterifying twice in 10 volumes of anhydrous 
methanol at 0° with dry HCl, instead of the use of diazomethane for this step. 
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te | the acetone, 1.9 gm. of crystalline product were obtained. After recrys- 
tallization from ethyl acetate, the product melted at 187-188°. 


CysHisO6N 2. Calculated. C 55.9, H 5.2, N 8.7 
0) 322.3 Found. “ 56.2, “5.5, “8.5 


he | Glycylallohydroxy-L-proline—The carbobenzoxy dipeptide (1.35 gm.) was 
or. | hydrogenated in methanol containing glacial acetic acid in the presence 
on | of palladium black. The filtered solution was concentrated to dryness 
sr- | repeatedly with ethanol to yield 0.8 gm. of crystals. 


he C7H:20.N2-}H2O. Calculated. C 42.7, H 6.6, N 14.2 
he 197.2 Found. “ 42.9, “ 6.7, “148 
ng, [a]5 —86.0° (2.35% in water) 
: Glycylhydroxy-t-proline gave [a]??> —128.4° (3). 
3), 4-Methoxy-L-proline—This material was prepared essentially as described 
: & | by Neuberger (10) through the intermediates N-acetylhydroxy-1-proline 
eW | and N-acetyl-O-methylhydroxy-t-proline methyl ester? described by Synge 
(11). Two independent samples recrystallized from methanol-ether gave 
la” —56° (2 per cent in H,0). 
CseH10;N. Calculated. C 49.6, H 7.6, N 9.7 
de- 145.2 Found. “49.5, “ 7.6, 9.9 


ad the original publication (10), the rotation of this compound is given 


und | 8 56°. Dr. Neuberger has informed us that this is a typographical error 
vith and that the observed value was —56.0°. 

sed 4-Methoxy-L-proline Ethyl Ester Hydrochloride—The above amino acid 
adi. (3.0 gm.) was esterified three times in 10 volumes of ethanol saturated with 
dry HCl at 0°. A crystalline compound was obtained by addition of ether 
to the concentrated ethanol solution. Yield, 1.4 gm.; m.p., 150-152°. 


CsHisO;NCI (209.7). Calculated, N 7.2; found, N 7.0 
Glycyl-4-methory-L-proline—The coupling was performed as described 


wey above with 3.3 gm. of carbobenzoxyglycyl chloride and 4-methoxy-u-pro- 
. = line ethyl ester from 2.6 gm. of the hydrochloride. The oily product was 
reac- 


id saponified in acetone with 8.7 ml. of m NaOH. After acidification to 
Psy Congo red with HCl and removal of the acetone, the compound was ob- 
™ | tained as an oil which was reduced by the usual procedure. The crystal- 


e- |: . ; 

. . ad line peptide (0.4 gm.) was obtained from ethanol-ether. 

ii 

yer a CsHy,O.N2-H.O. Calculated. C 43.6, H 7.3, N 12.7 
al of 220.2 Found. “ 43.3, “7.2, “ 13.0 


[a]5 —99.5° (1% in water) 

yield 
oni * The methyl ester was isolated by repeatedly concentrating the reaction mixture 
with ethanol and, finally, by crystallization with petroleum ether. Synge (11) 
isolated this compound by fractional distillation. 











XUM 





578 SPECIFICITY OF PROLIDASE 


SUMMARY 


1. The relative rates of hydrolysis of the following substrates by proli- 
dase have been measured and the order of their susceptibility found to be 
glycyl-t-proline > glycylallohydroxy-t-proline > glycylhydroxy-.-proline 
= glycylsarcosine > > > glycyl-4-methoxy-t-proline. 

2. It is suggested that alteration in the pyrrolidine ring of glycyl-.- 
proline influences the rate of hydrolysis by prolidase because of a steric 
effect on the interaction of the substrate with the enzyme rather than an 
effect on the strength of the peptide bond. 

3. The specificity of prolidase requires in the substrate the free amino 
and carboxyl groups, the imido nitrogen of the peptide bond, and a rela- 
tively rigidly defined size and shape of the imido nitrogen substituents. 

4, The synthesis and properties of glycyl-4-methoxy-.-proline and of 
glycylallohydroxy-t-proline are described. 
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THE PAPER CHROMATOGRAPHIC SEPARATION AND 
QUALITATIVE IDENTIFICATION OF MIXTURES 
OF C0; STEROIDS*t 


By GUILLERMO ARROYAVE}{ anp LEONARD R. AXELROD 


(From the Departments of Biochemistry and Radiation Biology, The University 
of Rochester School of Medicine and Dentistry, Rochester, New York) 


(Received for publication, November 11, 1953) 


The biochemical significance of steroid metabolites containing 19 carbons 
and 3 oxygens has been recently recognized. Compounds of this type are 
found in the urine of both normal persons and patients with metabolic 
disorders (1, 2). Their excretion seems to be related to adrenocortical 
function, since increased amounts of these compounds are observed after 
the administration of cortisone or adrenocorticotropin (ACTH) (3-5). 
Several of these compounds have been shown to be produced by the action 
of adrenal gland preparations on a variety of steroid precursors (6-9). 

Kochakian and Stidworthy (10) reported the paper chromatographic 
mobility of some C,,0; steroids expressed as the ratio of the movement of 
the steroid to the movement of testosterone (Ry value). In a recent pub- 
lication by Savard (11) the chromatographic behavior of a number of 
17-ketosteroids of the C,.03 series was reported. However, in these com- 
munications no systematic technique for the separation of mixtures of a 
large number of these biochemically significant compounds was proposed. 

In the course of previous investigations carried out in this laboratory 
(9), preliminary observations on the chromatographic behavior of some 


| steroids of this type were presented. Subsequently, methods were devised 


for the paper chromatographic separation of mixtures of Cy9O; steroids as 
well as techniques for their qualitative characterization. 


Materials 


Apparatus—The chromatographic chamber and accessories used were 
essentially those described by Burton e¢ al. (12). 


Filter Paper—Whatman No. 1 filter paper was washed with 2 n acetic 


* This investigation was supported principally by a research grant from the Jane 
Coffin Childs Memorial Fund for Medical Research and is based in part on work per- 
formed under contract with the United States Atomic Energy Commission at The 
University of Rochester Atomic Energy Project, Rochester, New York. 

t Taken in part from a thesis by Guillermo Arroyave for the partial fulfilment of 
= > of Doctor of Philosophy from the University of Rochester Graduate 

ool. 

} Fellow of the John Simon Guggenheim Memorial Foundation, 1952-53. 
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acid, distilled water, and redistilled absolute methanol according to a pub- 
lished technique (13). 

Solvents—Cyclohexene, methylene chloride, and methylcyclohexane were 
obtained from the Eastman Kodak Company. The latter solvent was 
purified by distillation before use. Formamide, c.p., Eimer and Amend, 
New York, was purified with Permutit and activated charcoal to remove 
traces of ammonia and colored impurities. Propylene glycol was pur- 
chased from the Eastman Kodak Company, as well as absolute redistilled 
methanol, c.p. 

Steroids—Methanolic stock solutions of the crystalline steroids contain- 
ing 1.0 y per yl. were prepared and stored in the cold (4°). These com- 
pounds were tested for purity by the paper chromatographic techniques 
described below and then used for the various qualitative tests. 

Reagents—Concentrated sulfuric acid, ¢.p., analyzed, and fuming sulfuric 
acid (15 per cent-free SO3) c.p., analyzed, were used. Alkaline m-dinitro- 
benzene (m-DNB) and 2 ,4-dinitrophenylhydrazine (DNPH) reagents were 
prepared as described in the literature (13). The above reagents were 
applied directly to the paper chromatogram strips for the detection of the 
positions of the steroids. The concentrated and fuming sulfuric acids were 
also used to prepare steroid solutions for spectrophotometric studies. 


Methods 


The chromatographic procedure was essentially that described by Bur- 
ton et al. (12) with slight modifications. The chromatographic positions 
reported for the different steroids were determined under conditions which 
were standardized to permit comparison of mobility and reproducibility of 
results. The washed filter paper was impregnated with the “polar solvent” 
(formamide or propylene glycol) previously diluted with an equal volume 
of absolute methanol. The methanol was removed from the impregnated 
paper by evaporation by means of undulating the chromatogram in the 
air for about 2 minutes. 15 to 25 y of each compound per cm. width of 
paper were applied to the starting line. Usually 2 cm. wide papers were 
used. The chambers were kept at 26° + 3°. 

The duration of the chromatographic runs varied with the steroids being 
separated and the solvent system used. At the end of each run, the chro- 
matogram was dried and narrow test strips (8 mm. wide) were cut length- 
wise from the chromatogram and treated with the color reagents. DNPH 
was applied by immersing the test strip in the reagent and, after about 1 
minute, blotting the excess reagent with clean filter paper. The alkaline 
m-DNB test required heating of the reagent-wet strip on a glass plate to 
about 75°, as described by Axelrod (13). When a fuming sulfuric acid 
reagent was used, the acid was pipetted lengthwise onto a clean glass plate 
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and the dry segment of the chromatogram was immersed in it with the 
aid of a glass rod. The strip was immediately observed under a model 
2L/C ultraviolet desk lamp from the G. W. Gates Company, Long Island 
City, New York. A modification of the sulfuric acid spot test described 
by Burton et al. (12) was found very satisfactory for the detection of some 
steroids possessing three hydroxyl groups. In this procedure the dry strip 
was impregnated with concentrated sulfuric acid in such a way that only 
one of its surfaces was wet with the reagent. This was done by pipetting 
approximately 1 ml. of sulfuric acid on a clean glass plate and carefully 
sliding the strip of paper over the surface of the acid. The wet strip was 
then placed on a clean sheet of filter paper. After about 1 minute charac- 
teristic colors appeared. 

After the positions of the steroids were detected on the strips, the cor- 
responding area in the chromatogram was eluted in absolute methanol. 
Aliquots of the eluate were then taken for the spectrophotometric deter- 
minations. The first was the ultraviolet absorption spectrum of the meth- 
anol solution. The second was the absorption spectrum of the concen- 
trated sulfuric acid chromogen of the steroid, determined as described by 
Zaffaroni (14). In this procedure an aliquot of the steroid solution con- 
taining approximately 90 y of compound is evaporated to dryness in the 
bottom of a glass-stoppered test-tube and 3 ml. of c.p. analyzed concen- 
trated sulfuric acid are added. The tube is stoppered, allowed to stand at 
room temperature for 2 hours, and the absorption spectrum is determined 
from 220 to 600 my in the Beckman quartz prism spectrophotometer. 
Finally, the absorption spectrum of the fuming sulfuric acid chromogen of 
the steroid was determined according to Axelrod (15). It is conducted in 
the same manner as the concentrated sulfuric acid chromogen test, except 
for the time of development (30 minutes) and the quantity of steroid re- 
quired (30 to 40 y per 3 ml. of acid). For each of the above tests a blank 
was used, prepared by eluting a steroid-free section of the corresponding 
chromatogram equal in area to the one from which the compound was 
eluted, and by treating an equivalent amount of the eluate of this area in 
the same manner as the eluate of the sample. Since all the paper used 
was previously washed in the same manner, the absorption of the blank 


depended upon the number of sq. cm. of chromatogram eluted, and was 
constant for each sq. cm. 


RESULTS AND DISCUSSION 


Fig. 1 represents the chromatographic separation of twelve CO; ster- 
dids, among which are those commonly found in the urine of normal men 
and women (A‘-androstene-38,16a,17§-triol, androstane-3a, 116-diol-17- 
one, and etiocholane-3a-ol-11,17-dione) (1, 3, 16), some which have been 
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found in pathological conditions (compounds A°-androstene-36 , 16a , 178- 
triol, etiocholane-3a ,118-diol-17-one, androstane-3a ,118-diol-17-one, and 
etiocholane-3a-ol-11,17-dione) (1, 5, 17, 18), and still others recently ob- 
tained in biochemical studies (compounds A‘-androstene-11{ , 178-diol-3- 
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Fig. 1. Chromatographic positions of the steroids in the solvent systems 
methylene chloride-formamide (Mc/F), cyclohexene-formamide (C/F), and meth- 
yleyclohexane-propylene glycol (m/PG). 1, A5-androstene-38,16a,178-triol; 2, 
etiocholane-3a,118,178-triol; 3, A‘-androstene-6a-ol-3,17-dione; 4, A‘-androstene- 
118,178-diol-3-one; §, A‘-androstene-68-ol-3,17-dione; 6, A‘-androstene-118-ol-3,17- 
dione; 7, etiocholane-3a,118-diol-17-one; 8, androstane-3a,118-diol-17-one; 9, 
etiocholane-3a-ol-11,17-dione; 10, androstane-3,6,17-trione; 11, A‘-androstene-3, 11,- 
17-trione; 12, androstane-3,11,17-trione. See the text for spot tests used to detect 
the steroids. 
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one, and A‘-androstene-68-ol-3 ,17-dione') (9). It may be observed from 
Step I of Fig. 1 that the two triols (compounds A®-androstene-38 , 16a ,178- 
triol, and etiocholane-3a , 118 ,178-triol) are widely separated in the solvent 


TABLE I 


Fluorescences Obtained with Fuming Sulfuric Acid 
(18 Per Cent-Free SO;) Spot Test 



































Compound No. Steroid | Color 

1 | A5-Androstene-38, 16a, 178-triol Orange-brown 
2 Etiocholane-3a, 118 ,178-triol Orange 
3 A‘-Androstene-6a-ol-3 , 17-dione Blue-green 
4 A‘-Androstene-118, 178-diol-3-one Orange 
5 A‘-Androstene-68-ol-3 , 17-dione Bright purple 
6 A‘-Androstene-118-ol-3 ,17-dione Yellow-orange 
7 Etiocholane-3a, 118-diol-17-one = 
8 Androstane-3e, 118-diol-17-one ag 
9 Etiocholane-3e-ol-11,17-dione Yellow 
10 Androstane-3 ,6,17-trione " 
11 A‘-Androstene-3, 11,17-trione Bluish white 
12 Androstane-3,11,17-trione Yellow 

> 1.04 om as 

= - 4 

w . 

4 95. 310 /° : 

- ‘og : 

a . 
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Fic. 2. Absorption spectra of etiocholane-3a,118,178-triol (Curve a), etiocholane- 
3a, 118-diol-17-one (Curve 6), and androstane-3,6,17-trione (Curve c), after 2 hours 
in concentrated sulfuric acid (approximately 90 y of steroid in 3 ml. of acid). 


system, methylene chloride-formamide; thus epimers of these steroids may 
be separated with this system as they become available. Compounds 
M-androstene-11-ol-3 , 17-dione and ethiocholane-3a , 118-diol-17-one do not 
separate well from each other in the cyclohexene-formamide solvent system 
and therefore, when a series of compounds is chromatographed which 


* Axelrod, L. R., personal communication. 
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Fic. 3. Absorption spectra of androstane-3,11,17-trione (Curve a), A‘-androstene- 
118,178-diol-3-one (Curve b) and A‘-androstene-6a-ol-3,17-dione (Curve c) after 2 
hours in concentrated sulfuric acid (approximately 90 y of steroid in 3 ml. of acid). 
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cholane-3e-ol-11,17-dione (Curve b), A‘-androstene-68-ol-3,17-dione (Curve c) and 8a, 118- 
A‘-androstene-3,11,17-trione (Curve d) after 2 hours in concentrated sulfuric acid | jp fumi 
(approximately 90 y of steroid in 3 ml. of acid). of acid’ 
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androstane-3a, 118-diol-17-one (Curve b) after 2 hours in concentrated sulfuric acid 
(approximately 90 + of steroid in 3 ml. of acid). 
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includes these steroids, the zone of chromatogram containing these steroids 
is eluted with absolute methanol and the eluate is rechromatographed in 
the solvent system methylcyclohexane-propylene glycol (Step IV). 

The results obtained when the DNPH and the alkaline m-DNB reagents 
were applied to test strips are in accord with the specificity of the tests, 
as described in the literature (13). Compounds possessing the A‘-3-keto 
group (A‘-androstene-6a-ol-3 ,17-dione, A*-androstene-118 ,176-diol-3-one, 


2.0 





295 


OPTICAL DENSITY 
° 


0.5- 











0.0 





T T T T T 
220 300 400 500 550 
mM JL 
’ Fie. 7. Absorption spectra of androstane-3,11,17-trione (Curve a), A‘-androstene- 
118,178-diol-3-one (Curve b), and A‘-androstene-6a-ol-3,17-dione (Curve c) after 30 


minutes in fuming sulfuric acid (15 per cent-free SO;) (approximately 50 y of steroid 
in 3 ml. of acid). 


A‘-androstene-66-ol-3 ,17-dione, A‘-androstene-118-ol-3,17-dione, A*-an- 
drostene-3,11,17-trione) gave an orange color with DNPH. Steroids 
androstane-3 ,6,17-trione and androstane-3,11,17-trione having a 3-keto 
group without conjugated unsaturation gave a yellow color. Upon treat- 
ment with the alkaline m-DNB reagent, a purple spot was obtained with 
the 17-ketosteroids, A‘-androstene-6a-ol-3,17-dione, A‘-androstene-66-0l- 
3,17-dione, A‘-androstene-116-ol-3,17-dione, etiocholane-3a, 116-diol-17- 
one, androstane-3a,118-diol-17-one, etiocholane-3a-ol-11,17-dione, an- 
drostane-3 ,6,17-trione, A‘-androstene-3,11,17-trione, androstane-3,11,- 
17-trione, and a blue color with A‘-androstene-118,17§-diol-3-one, 4 
3-ketosteroid. The two triols gave no color with either of the above 
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Fig. 8. Absorption spectra of A‘-androstene-38,16a,17B-triol (Curve a), etio- 
cholane-3a-ol-11,17-dione (Curve 6b), A‘-androstene-68-ol-3,17-dione (Curve c), and 
4androstene-3,11,17-trione (Curve d) after 30 minutes in fuming sulfuric acid (15 
per cent-free SO;) (approximately 50 y of steroid in 3 ml. of acid). 
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Fia. 9. Absorption spectra of A‘-androstene-118-ol-3,17-dione (Curve a) and 
androstane-3a,116-diol-17-one (Curve b) after 30 minutes in fuming sulfuric acid 
(15 per cent-free SO;) (approximately 50 y of steroid in 3 ml. of acid). 
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reagents. However, the modified concentrated sulfuric acid spot test, 
applied as described above, gave a green color with A®-androstene-38 , 16a,- 
178-triol and a deep red spot with etiocholane-3a,118,176-triol. Five of 
the compounds studied possess an absorption maximum in the ultraviolet 
region of the spectrum, namely A‘-androstene-6a-ol-3 , 17-dione (239.5 my), 
A‘-androstene-118 ,178-diol-3-one (242 my), A*-androstene-118-ol-3 ,17- 
dione (240 mu), A‘-androstene-66-ol-3 ,17-dione (235.5 my), and A‘-an- 
drostene-3 , 11 ,17-trione (238 my). 

Table I illustrates the observed fluorescences with the fuming sulfuric 
acid spot test under reflected ultraviolet light. 

The absorption spectra of the concentrated and fuming sulfuric acid 
chromogens shown in Figs. 2 to 9 were obtained after the steroids were 
repeatedly chromatographed to assure purity. No change in the spectra, 
even after repeated chromatography, was taken as evidence of homogene- 
ity. The combined use of both the concentrated and fuming sulfuric acid 
absorption spectra offers a unique cross check for the identification of micro 
quantities of these steroids, since in many instances the spectra of two 
compounds with the one technique led to possible ambiguity for identifica- 
tion. In no case, however, was there any doubt when both techniques 


were used. 


SUMMARY 


1. The paper chromatographic separation of steroids containing 19 car- 
bons and 3 oxygens is described. 

2. Specific color reagents involving alkaline m-dinitrobenzene, 2 ,4-di- 
nitrophenylhydrazine, and concentrated and fuming sulfuric acid were 
utilized in detecting these compounds on chromatograms. 

3. The absorption spectra of both concentrated and fuming sulfuric acid 
solutions of these C,O; steroids were found very helpful for their quali- 
tative characterization in micro quantities. 


With the exception of A‘t-androstene-118 , 178-diol-3-one and androstane- 
3,6,17-trione, the steroids used in this study were courteously supplied by 
Dr. R. I. Dorfman, Worcester Foundation for Experimental Biology, Dr. 
M. Ehrenstein, University of Pennsylvania, Dr. 8. Lieberman, Columbia 
University, Dr. H. L: Mason, Mayo Clinic, and Dr. P. Perlman, Schering 
Corporation. 

A‘-Androstene-118 ,17-diol-3-one was obtained biosynthetically (9). 
Androstane-3 ,6,17-trione was prepared from an authentic sample of 
A‘-androstene-68-ol-3 ,17-dione according to a technique described in the 
literature (19). 
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Although acetaldehyde does not apparently occur as an intermediate 
product of normal mammalian metabolism (1), it has been demonstrated 
in the blood during alcohol metabolism (2), particularly after preliminary 
administration of antabuse (3). The oxidation of alcohol to acetaldehyde 
is catalyzed by alcohol dehydrogenase or catalase. In liver, which consti- 
tutes the major site of acetaldehyde oxidation in the intact organism (4), 
acetaldehyde is oxidized to acetate and this reaction is catalyzed by xan- 
thine oxidase (5), the quinine oxidase of Knox (6), and the diphospho- 
pyridine nucleotide (DPN)-specific aldehyde dehydrogenase of Racker (7). 
These enzymes are inhibited competitively by antabuse (8-10). Harting 
(11) and Racker and Krimsky (12) reported that acetaldehyde could 
undergo a very slow oxidation by crystalline glyceraldehyde-3-phosphate 
dehydrogenase in the presence of inorganic phosphate to yield acetyl 
phosphate. The reaction was reversible by addition of acety] phosphate 
and reduced DPN, but not by acetate, and the enzyme was inhibited by 
antabuse. Recently, Burton and Stadtman (13) reported the DPN- 
dependent oxidation of acetaldehyde to acetyl coenzyme A by a purified 
aldehyde dehydrogenase from extracts of Clostridium kluyverit. As a first 
step, this reaction involved the formation of an acetaldehyde-coenzyme A 
intermediate of the semimercaptal type. 

Stotz, Westerfeld, and Berg (14) found rat brain homogenates capable 
of utilizing acetaldehyde for acetoin formation by condensation with pyru- 
vate. Jagannathan and Schweet (15) found such a reaction to be catalyzed 
by a purified pyruvic oxidase preparation from pigeon breast muscle. This 
reaction did not appear to require coenzyme A. Recently, however, a 
similar reaction, the synthesis of phenylacetylcarbinol from pyruvate and 
benzaldehyde by yeast, has been found to require coenzyme A (16). Ace- 
tyl coenzyme A was proposed as the intermediate. 

Since certain neurological symptoms are observed in alcohol or acetalde- 
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hyde intoxication, interest was directed to acetaldehyde as having some 
potential influence on acetylcholine synthesis in brain tissue. Kahlson and 
MacIntosh (17, 18) showed that perfusion with acetaldehyde was ineffee- 
tive in preventing fatigue and depletion of acetylcholine in the stimulated 
superior cervical ganglion. Torda and Wolff (19) demonstrated reduced 
acetylcholine synthesis due to acetaldehyde in minced frog brain. Korkes 
et al. (20) found that acetyl coenzyme A could serve as an acetyl donor for 
choline acetylation. In the presence of condensing enzyme, citrate could 
also serve as an acetyl donor for acetylcholine synthesis by the generation 
of acetyl coenzyme A. It is of interest to note that coenzyme A-dependent 
citrate synthesis was obtained from acetaldehyde in bacteria (21), although 
Martius (22) and Stern! observed an inhibition of citrate synthesis by acet- 
aldehyde in liver. 

It was thus desired to examine the effect of acetaldehyde on a brain sys- 
tem producing acetylcholine, acetoin, and citric acid simultaneously. Acet- 
aldehyde was found to increase acetylcholine and acetoin production, but 
decreased citrate synthesis. Various mechanisms were investigated. 


EXPERIMENTAL 


Preparation of Brain Homogenates—Rats were killed by decapitation and 
the brains removed and freed of white matter. The brains were quickly 
weighed and homogenized in a cold Potter-Elvehjem homogenizer with a 
volume of cold Krebs-Ringer-phosphate buffer (pH 7.0) equal to the weight 
of the brains. Cold buffer was added to yield a mixture containing 500 mg. 
of brain per ml. of solution. 

Preparation and Extraction of Rat Brain Acetone Powders—Acetone pow- 
ders were prepared according to the procedure suggested by Nachmansohn 
and John (23). Rats, twelve to twenty-four in number, were decapitated 
and the brains removed immediately. Cerebral cortices were separated 
from white matter, weighed, and frozen by immersion in an acetone-dry 
ice mixture maintained slightly below —10°. The frozen tissue in about 
10 ml. of acetone was ground in a cold motor-driven Potter-Elvehjem 
homogenizer, and grinding with about 300 ml. of acetone was then con- 
tinued in a ball mill for 3 hours in the cold. The material was poured into 
a beaker containing an acetone-dry ice mixture below —10° (about 250 to 
300 ml.). The precipitate which settled was filtered off and the last traces 
of acetone removed by further suction filtration. The powder was air- 
dried and stored in a desiccator at — 10°. 

For use, 0.5 gm. of powder was extracted with 10 ml. of 0.007 m potas- 
sium phosphate buffer at pH 7.0 to 7.2, made up in 0.05 m KCl. The ma- 
terial was ground in a mortar with sand with 5 ml. of phosphate buffer. 


1 Stern, Dr. Joseph R., personal communication. 
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This was transferred with an additional 5 ml. of buffer to a cold Potter- 
Elvehjem homogenizer, ground, and centrifuged in the cold. The super- 
natant solution was separated and used as the enzyme source in subsequent 
incubations. 

Incubation Medium for Studies with Brain Homogenates—For the simul- 
taneous study of acetylcholine, acetoin, and citric acid synthesis, the most 
effective medium contained barium chloride, pyruvate, sodium bicarbonate, 
magnesium chloride, cocarboxylase, ATP, potassium ferricyanide, coen- 
zyme A, cysteine, choline chloride, sodium acetate, fluoride, tetraethyl 
pyrophosphate, and Krebs-Ringer-phosphate buffer. Oxalacetic acid was 
added when citric acid synthesis was studied. When acetaldehyde or alco- 
hol was used, acetaldehyde (23.6 mg. per ml.) or alcohol of the same con- 
centration was substituted for distilled water up to 0.3 ml. Omitted 
reagents were replaced by distilled water. Enzyme was replaced by Krebs- 
Ringer-phosphate buffer in control flasks. The amounts and concentra- 
tions of the various reagents are given in Tables I to VI. 

Incubation Medium for Studies with Extracts of Acetone Powders—An 
incubation medium similar to that of Nachmansohn et al. (24) was used 
and modified according to the specifications of Jagannathan and Schweet 
(15) to favor pyruvate oxidation and acetoin synthesis. This medium 
was similar to that just described, except for somewhat different concentra- 


tions of reagents and the omission of barium chloride and magnesium 
chloride. 


General Procedure 


Incubations were carried out in Warburg flasks at 37° for 90 minutes. 
The brain preparation and cysteine solution were contained in the side 
arm of the flasks until the reaction was started. 1.0 ml. of the incubation 
mixture was removed for acetylcholine assay by the procedure of Hestrin 
(25). When citric acid was measured, 1.0 ml. of the mixture was added 
toa tube containing 1.0 ml. of 10 per cent trichloroacetic acid, and the fil- 
trate was subjected to analysis according to the procedure of Saffran and 
Denstedt (26). The remainder of the flask contents was rinsed into sepa- 
tate tubes with 7.0 ml. of distilled water, to which were then added 1.0 
ml. of 10 per cent sodium tungstate and 1.0 ml. of 0.66 n H.SO,. The 
solutions were filtered in the cold. A 5.0 ml. portion of the filtrate was 
used for acetoin determination according to the method of Westerfeld (27) 
re the remainder was analyzed for acetaldehyde by the method of Stotz 
28). 

Modifications for Studies on Mechanism of Acetoin Synthesis—0.15 ml. of 
02 m neutral hydroxylamine hydrochloride was used to trap and measure 
acetyl coenzyme A as the acethydroxamic acid, as proposed by Lipmann 
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and Kaplan (29) and Lipmann and Tuttle (30). This was carried out in 
the usual incubation medium used with extracts of acetone powders. Syn- 
thetic acetyl coenzyme A was prepared from reduced Pabst coenzyme A 
and thiolacetic acid by the method of Wilson (31) and tested as an acetoin 


TaBLe I 


Effect of Acetaldehyde and Alcohol on Acetylcholine and Citric Acid Synthesis in Rat 
Brain Homogenates 











Additions to complete system Micromoles a * ag of brain per 

Acetal |Coenzyme| app | Ferri- | pyruvate | Acetate |Alcohol — a dehyd: 
dehyde | ~ A cyanide | oes me | | formed | formed | consumed 

. + + + a + — | 5.76 | 1.36 

+ + + + + ao _ 10.61 0.69 5.1 

+ - | +] + + + | — | 8.05 | 0 

+ + 7 + + + — | 9.47 | 1.36 

4 + + is + ‘ — | 11.00 | 1.83 

+ + | +] + - + | — | 5.00] 1.71 | 28 

4. + + + _ _ _ 4.06 1.36 4.9 

ea * + + - + — | 4.30] 1.36 

- ~ + + + ~ — | 8.50 | 1.36 

= + + ot -- - - 0.24 | 0.04 

a + + + + + + | 7.06 | 1.36 
































The complete system contained 0.1 ml. of 3.3 m barium chloride, 1.0 ml. of brain 
homogenate, 1 to 2 drops of tetraethyl pyrophosphate, 0.2 ml. of oxalacetic acid 
(11.6 mg. per ml. in 2 m sodium bicarbonate and neutralized to phenol red end-point), 
0.1 ml. of choline chloride (30.8 mg. per ml.) , 0.2 ml. of Krebs-Ringer-phosphate buffer, 
pH 7.0, 0.1 ml. of 0.5 m sodium bicarbonate, 0.1 ml. of 0.2 m magnesium chloride, 0.1 
ml. of 0.2 per cent cocarboxylase at pH 6.0, 0.2 ml. of neutralized cysteine hydrochlo- 
ride (52.5 mg. per ml.), 0.2 ml. of sodium fluoride (13.9 mg. per ml.), distilled water to 
a total volume of 3.3 ml. The following were added as designated: 0.2 ml. of 0.2 m 
sodium pyruvate, 0.1 ml. of neutralized Pabst ATP (22 mg. per ml.), 0.2 ml. of 0.5m 
potassium ferricyanide, 0.1 ml. of reduced Pabst 90 per cent coenzyme A (1.1 mg. 
per ml.), 0.2 ml. of sodium acetate (45 mg. per ml.), 0.2 ml. of acetaldehyde (23.6 
mg. per ml.), 0.2 ml. of ethyl alcohol (23.6 mg. per ml.). Incubated for 90 minutes 
at 37°. 


precursor in a system containing cocarboxylase, enzyme, magnesium chlo- 
ride, acetyl coenzyme A, acetaldehyde, and Krebs-Ringer-phosphate buffer. 
Acetyl coenzyme A was assayed by omission of acetaldehyde from the sys- 
tem and addition of tetraethyl pyrophosphate, cysteine, and choline chlo- 
ride. Flasks were incubated at 37° for 1 hour and assayed for acetoin and 
acetaldehyde in the usual manner. Free sulfhydryl groups were measured 
according to the method described by Grunert and Phillips (32). 
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Results 


Table I illustrates the results obtained from studies on rat brain homoge- 
nates. Sufficient amounts of adenosinetriphosphate (ATP) and coenzyme 


TaBLeE II 


Effect of Various Cofactors on Acetylcholine and Acetoin Synthesis by 
Extracts of Brain Acetone Powder 








Additions to complete system | N wee | of brain 





| "1 | an at j | we Tees 
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—— e e | i | Dy 7 ‘ cetoi 
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Theextract of acetone powder was centrifuged at 3000 r.p.m. for 3 minutes. The 
complete system contained 0.1 ml. of 0.5 m sodium bicarbonate, 0.1 ml. of 0.2 per cent 
cocarboxylase at pH 6.0, 0.1 ml. of choline chloride (30.8 mg. per ml.), 1 to 2 drops 
of tetraethyl pyrophosphate, 0.3 ml. of enzyme, 0.15 ml. of Krebs-Ringer-phosphate 
buffer at pH 7.0, and distilled water to a total volume of 3.3 ml. The following were 
added as indicated: 0.5 ml. of 0.2 m sodium pyruvate, 0.2 ml. of 0.5 m potassium fer- 
ricyanide, 0.3 ml. of neutralized Pabst ATP (22 mg. per ml.), 0.3 ml. of reduced 
Pabst 90 per cent coenzyme A (1.1 mg. per ml.), 0.2 ml. of sodium acetate (45 mg. 
per ml.), 0.2 ml. of sodium fluoride (13.9 mg. per ml.), 0.2 ml. of neutralized cysteine 
hydrochloride (52.5 mg. per ml.), 0.2 ml. of 0.5 m DPN, 0.3 ml. of acetaldehyde (23.6 
mg. per ml.). Incubated for 90 minutes at 37°. 


A appear to be bound to the particulate matter of the homogenate to sup- 
port acetylcholine synthesis. Absence of added coenzyme A depresses cit- 
tit acid synthesis but not acetylcholine production. Acetaldehyde ap- 
pears to increase acetylcholine and to decrease citric acid formation in the 
presence of other acetyl donors. When acetaldehyde is the sole source 
of acetyl groups, it supports citric acid synthesis to the same extent as 
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TaB.eE III 


Effect of Acetaldehyde on Synthesis of Acetylcholine and Acetoin by Extracts 
of Rat Brain Acetone Powder 


The values are measured in micromoles per gm. of brain per hour. 








Acetaldehyde consumed Acetylcholine synthesized 
0 0 
1.2 2.5 
2.5 5.1 
4.5 10.3 
6.2 13.0 
8.7 17.1 








Acetone powder extracted with 0.007 m potassium phosphate buffer at pH 7.0 to 
7.2, made up in 0.05 m KCl. Centrifuged for 3 minutes at 15,000 r.p.m. The super- 
natant fluid was used as the enzyme. The complete system contained 0.1 ml. of 
0.5 m sodium bicarbonate, 0.1 ml. of 0.2 per cent cocarboxylase at pH 6.0, 0.2 ml. of 
0.5 m potassium ferricyanide, 0.3 ml. of neutralized Pabst ATP (22 mg. per ml.), 
0.3 ml. of reduced Pabst 90 per cent coenzyme A (1.1 mg. per ml.), 0.1 ml. of choline 
chloride (30.8 mg. per ml.), 0.2 ml. of sodium fluoride (13.9 mg. per ml.), 0.2 ml. of 
neutralized cysteine hydrochloride (52.5 mg. per ml.), 1 to 2 drops of tetraethyl 
pyrophosphate, 0.3 ml. of enzyme, 0.15 ml. of Krebs-Ringer-phosphate buffer at 
pH 7.0, distilled water to a volume of 3.3 ml. Acetaldehyde (23.6 mg. per ml.) up 
to 0.3 ml. was added. Incubated for 90 minutes at 37°. 


TaBLe IV 


Effect of ATP and Coenzyme A on Acetylcholine Synthesis with Acetaldehyde 
As Sole Acetyl Donor 











Additions to complete system Micromoles per gm. of brain per hr. 
Acetylcholine Acetaldehyde 
ATP Coenzyme A Enzyme synthesized consumed 
+ a om 8.7 26.8 
* + + 9.0 30.3 
+ a + 0 9.3 
+ + ~ 0 0 




















Acetone powder of rat brain was extracted with 0.007 m potassium phosphate 
buffer at pH.7.0 to 7.2, made up in 0.05 m KCl. It was centrifuged for 10 minutes 
at 3000 r.p.m. and the supernatant fluid used as the enzyme. The complete system 
contained 0.1 ml. of 0.5 Mm sodium carbonate, 0.1 ml. of 0.2 per cent cocarboxylase at 
pH 6.0, 0.2 ml. of 0.5 m potassium ferricyanide, 0.1 ml. of choline chloride (30.8 
mg. per ml.), 0.2 ml. of sodium fluoride (13.9 mg. per ml.), 0.2 ml. of neutralized 
cysteine hydrochloride (52.5 mg. per ml.), 1 to 2 drops of tetraethyl pyrophosphate, 
0.3 ml. of acetaldehyde (23.6 mg. per ml.), 0.15 ml. of Krebs-Ringer-phosphate buffer 
of pH 7.0, and distilled water to a volume of 3.3 ml. As indicated, the following 
were added: 0.3 ml. of neutralized Pabst ATP (22 mg. per ml.), 0.3 ml. of reduced 
Pabst 90 per cent coenzyme A (1.1 mg. per ml.), 0.3 ml. of enzyme. Incubated for 
90 minutes at 37°. 
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acetate alone. When acetaldehyde is the sole acetyl donor, the consump- 
tion of acetaldehyde approximates the total acetylcholine and citric acid 
production. Alcohol was seen to increase acetylcholine synthesis and to 
have no effect on citric acid production. 

The results of studies on extracts of rat brain acetone powders are shown 
in Table II. Table II indicates an increase in acetylcholine and acetoin 
synthesis which approximates the consumption of acetaldehyde. A re- 
quirement for fluoride ions, ATP, cysteine, and coenzyme A is demon- 


TABLE V 


Effect of Added Hydroxylamine on Acetoin Synthesis by Extracts of Rat 
Brain Acetone Powder 














Additions to complete system Micromoles per gm. of brain per hr, 
. P Acetylcholine Acetoin Acetyl coenzyme A 
Choline Hydroxylamine synthesized synthesized synthesized 
os - 39.1 0.12 
aia _ 0.74 27.5 
+ + 13.7 0 27.6 
isa + 0 27.6 











Extract of acetone powder centrifuged at 3000 r.p.m. for 10 minutes. The com- 
plete system contained 0.5 ml. of 0.2 m sodium pyruvate, 0.1 ml. of 0.5 m sodium bicar- 
bonate, 0.1 ml. of 0.2 per cent cocarboxylase at pH 6.0, 0.2 ml. of 0.5 m potassium 
ferricyanide, 0.3 ml. of neutralized Pabst ATP (22 mg. per ml.), 0.3 ml. of reduced 
Pabst 90 per cent coenzyme A (1.1 mg. per ml.), 0.2 ml. of sodium acetate (45 mg. per 
ml.), 0.2 ml. of sodium fluoride (13.9 mg. per ml.), 0.2 ml. of neutralized cysteine 
hydrochloride (52.5 mg. per ml.), 1 to 2 drops of tetraethyl pyrophosphate, 0.3 ml. of 
acetaldehyde (23.6 mg. per ml.), 0.3 ml. of enzyme, 0.15 ml. of Krebs-Ringer- 
phosphate buffer of pH 7.0, and distilled water to a total volume of 3.3 ml. As indi- 
cated, 0.15 ml. of 0.2 m neutral hydroxylamine hydrochloride or 0.1 ml. of choline 
chloride (30.8 mg. per ml.) was added. Incubated for 90 minutes at 37°. 


strated for acetylcholine synthesis and apparently also for acetoin synthe- 
sis. The presence of some electron acceptor such as ferricyanide appeared 
to be necessary, although DPN was equally effective. When both DPN 
and ferricyanide were present, no augmented acetylcholine production was 
observed. Omission of acetate or pyruvate was seen to produce a marked 
reduction in acetylcholine and acetoin synthesis. 

Table ITI illustrates that acetaldehyde as the sole acetyl donor is capable 
of supporting acetylcholine synthesis. Under such conditions, coenzyme 
Ng not ATP is required to maintain acetylcholine synthesis (see Table 


Table V gives evidence to the effect that addition of hydroxylamine re- 
duces acetoin synthesis. This is more marked in the presence of choline. 


XUM 
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In the absence of hydroxylamine, acetoin production is greater when cho. 
line is omitted than is otherwise the case. 

Table VI shows that omission of acetyl coenzyme A or acetaldehyde from 
a system producing acetoin causes an appreciable diminution of acetoin 
synthesized. 


TaBLe VI 


Utilization of Acetyl Coenzyme A for Acetoin Synthesis by Extract of Rat 
Brain Acetone Powder 














Additions to complete system Micromoles per gm. of brain per hr. 
. . Change in 
Acetyl “ : Acetylcholine} Acetoin ~~ Acetaldehyde 
coenzyme A Acetaldehyde Choline Enzyme synthesized |synthesized a pe 
+ + = -+- 1.8 +18.0 21.5 
_ + = + 0.8 —44.0 
+ - - + 0 0 
+ + + - 0 0 | 0 0 























Rat brain acetone powder was extracted with 0.007 m potassium phosphate buffer 
at pH 7.0 to 7.2, made up in 0.05 m KCl and centrifuged for 10 minutes at 3000 r.p.m. 
The supernatant fluid was used as the enzyme. The complete system contained 
0.1 ml. of 0.2 per cent cocarboxylase at pH 6.0, 0.1 ml. of 0.2 m magnesium chloride, 
Krebs-Ringer-phosphate buffer at pH 7.0 to a total volume of 3.0 ml. As indicated, 
the following were added: 0.3 ml. of enzyme, 0.3 ml. of acetaldehyde (23.6 mg. per 
ml.), 0.1 ml. of acetyl coenzyme A (244 per ml.). The latter was prepared by the 
method of Wilson (31) and assayed by the omission of acetaldehyde and the addition 
of 1 drop of tetraethyl pyrophosphate, 0.2 ml. of neutralized cysteine hydrochloride 
_ (52.5 mg. per ml.), 0.1 ml. of choline chloride (30.8 mg. per ml.). Incubated for 1 
hour at 37°. 


DISCUSSION 


In studies with rat brain homogenates, acetylcholine, acetoin, and citric 
acid synthesis were observed under a number of conditions. ATP and 
coenzyme A were presumably bound in sufficient quantities so that omis- 
sion of these factors did not appreciably alter acetylcholine synthesis. The 
conditions used in the medium may have favored acetylcholine formation 
so that a major portion of bound coenzyme A was consumed preferentially 
in this process. Since omission of added electron acceptors produced no 
significant effect, adequate amounts were presumably bound to tissue par- 
ticles. 

Optimal acetylcholine and acetoin synthesis was obtained in the presence 
of acetate, pyruvate, and acetaldehyde. Addition of acetaldehyde to an 
otherwise complete system inhibited citric acid formation. An equivalent 
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quantity of alcohol had no effect on citric acid or acetoin synthesis, but 
increased acetylcholine production, although not as effectively as acetalde- 
hyde. Increased acetylcholine synthesis in the presence of acetaldehyde 
was explicable on the basis of increased formation of acetyl coenzyme A. 
Since citrate synthesis is also mediated through acetyl coenzyme A, acetal- 
dehyde would have been expected to increase formation of citrate rather 
than to depress it. It was observed that acetaldehyde, when serving as a 
sole acetyl donor, was capable of supporting citrate synthesis. This ap- 
parent discrepancy was explained on the basis of greater utilization of 
acetaldehyde when it is used as a single source of acetyl groups. In the 
presence of other acetyl donors, acetaldehyde conversion to acetyl-coen- 
zyme A is spared to the extent that sufficient quantities of free acetaldehyde 
may accumulate to inhibit the citrate-forming enzyme. 

Further studies were performed on extracts of rat brain acetone powders 
which were incapable of producing citrate. These systems required the ad- 
dition of fluoride ions to inhibit the active ATPase present, cysteine for 
maintenance of free sulfhydryl groups, and an electron acceptor. Acetal- 
dehyde was observed to increase acetylcholine and acetoin synthesis but 
to support only acetylcholine formation when used alone. Omission of 
acetate or acetate and pyruvate gives rise to greater acetaldehyde utiliza- 
tion suggesting that these substances are converted to a common inter- 
mediate, e.g. acetate or acetyl coenzyme A. 

It was suspected that acetaldehyde might be oxidized directly to acetate 
and subsequently activated for utilization via the ATP-acetate reaction. 
It was evident that the ATP-acetate reaction was operating, since acetate 
alone was capable of supporting acetylcholine synthesis. However, acet- 
aldehyde was found to be capable of supporting acetylcholine formation 
without added ATP which would be required if this effect were mediated 
through the ATP-acetate reaction. Since coenzyme A was required when 
acetaldehyde was the sole acetyl donor, the observations could be explained 
on the basis of the mechanism proposed by Burton and Stadtman (13) 
in which acetaldehyde formed a thiomercaptal compound with coenzyme A. 
This would then be subsequently oxidized to acetyl coenzyme A. How- 
ever, the oxidation process did not appear to be catalyzed by a DPN-spe- 
cific enzyme since ferricyanide served as well. 

Omission of acetate, ATP, or coenzyme A was observed to elicit a con- 
comitant decrease in acetoin synthesis, which suggested that acetyl-coen- 
zyme A might serve as a precursor to acetoin. Omission of choline from 
the system led to an increase in acetoin production, and addition of hy- 
droxylamine as a trapping agent for acetyl-coenzyme A led to disappearance 
of acetoin formation and a decrease in acetylcholine synthesis. In addi- 
tion, synthetic acetyl-coenzyme A was observed to function as a precursor 


XUM 








600 ACETALDEHYDE METABOLISM 


to acetoin to some extent. It is suggested that this may not have taken 
place through a direct pathway. 


SUMMARY 


1. In studies with rat brain homogenates, acetaldehyde was observed to 
increase the synthesis of acetylcholine and acetoin and to decrease the 
formation of citric acid from pyruvate or acetate. Acetaldehyde was ob- 
served to support some acetylcholine and citric acid synthesis when used 
as the sole acetyl donor. Alcohol had no effect on acetoin or citrate syn- 
thesis, but increased acetylcholine formation. 

2. Similar observations were made in extracts of rat brain acetone 'pow- 
ders in which acetylcholine and acetoin production were studied. Eyvi- 
dence suggested conversion of acetaldehyde to acetyl-coenzyme A by a 
coenzyme A-dependent reaction not requiring ATP or DPN. 

3. ATP, coenzyme A, and acetate were observed to be involved in ace- 
toin synthesis, either directly or indirectly. The presence of hydroxylam- 
ine reduced acetoin synthesis. Acetoin production was noted in a system 
containing synthetic acetyl-coenzyme A and acetaldehyde. 
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THE QUANTITATIVE DETERMINATION OF PROLINE AND 
PIPECOLIC ACID WITH NINHYDRIN* 
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(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
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(Received for publication, November 25, 1953) 


In recent years, a number of photometric methods for the quantitative 
determination of a-amino acids have been introduced (1, 2). These meth- 
ods, based on reaction with ninhydrin in aqueous solution, are less satis- 
factory for the determination of imino acids.!. Grassmann and von Arnim 
(3) described reaction products of ninhydrin with imino acids and have 
suggested that these might be of use for the determination of proline. 
More recently, Chinard (4) has described a method which is applicable to 
proline, ornithine, lysine, and hydroxylysine. No quantitative determina- 
tion of the newly discovered pipecolic acid (5, 6) has been reported. 

The present method is based on the formation of a red color when proline 
and pipecolic acid react with ninhydrin in glacial acetic acid under nearly 
anhydrous conditions. The absorption spectra of the colored products 
correspond with those isolated by Grassmann and von Arnim (3). Most 
primary amino acids, hydroxyproline, and ammonia give little or no color 
under these conditions. The sensitivity is similar to that of the ninhydrin 
methods used for a-amino acids (1,2). In principle, this method is similar 
to the one described by Chinard (4). The conditions for color develop- 
ment used here are different and offer the advantages of greater sensitivity, 
speed of color development, and applicability to various types of mixtures 
including protein hydrolysates. 

Early work yielded results which were variable owing to instability of the 
colored products. Attempts to stabilize the color by the addition of or- 
ganic solvents, such as ethanol, methyl Cellosolve, or pyridine, decreased 
the color yield. Reducing agents, such as stannous chloride (1) and as- 
corbic acid, gave color increases on a few occasions, but these were not re- 


* These studies were supported (in part) by a grant from the Williams-Waterman 
Pund, a grant-in-aid to Dr. Henry Borsook from the American Cancer Society upon 
recommendation of the Committee on Growth of the National Research Council, 
and by a contract between the Office of Naval Research, Department of the Navy, 
and the California Institute of Technology, Division of Biology (No. NR-102-007). 
Part of this work was completed during the tenure of a postdoctoral fellowship from 
the National Institutes of Health, United States Public Health Service. 

‘Although pipecolic acid gives a purple ninhydrin spot on paper, only a faint 
yellow color appears when color is developed by the usual ninhydrin methods (1, 2). 
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producible. The method of Troll and Cannan (2) for hydroxyproline 
produced very little color with proline, as they have noted. Pipecolic 
acid, also, cannot be determined by their method. 

Color yields for proline were improved considerably by the addition of 
small amounts of hydrochloric or sulfuric acid, while pipecolic acid color 
formation was greatly inhibited. The basis of the effect of these acids has 
not been studied. This observation has led to the development of meth- 
ods for the determination of each of the imino acids in the presence of the 
other. The procedure recommended permits the determination of these 
imino acids in aqueous solution, although the amounts of water present 
must be controlled. Duplicate determinations agree to within +2 per 
cent, and recoveries from mixtures average +5 per cent. The colored 
products formed by the methods finally adopted are not stable at high 
temperatures. However, the more rapidly the color is formed, the higher 
the color yield. A short heating period at high temperature has thus 
given the best results (Fig. 1). Optimal color development also depends 
on the amount of ninhydrin used. This optimal amount for the pipecolic 
acid reaction and for proline is more than 100 times the imino acid concen- 
tration. Troll and Cannan (2) have observed a similar phenomenon. 
The optimal ninhydrin concentration also depends on the amount of acid 
present in the case of proline. The final color formed decreases 3 to 5 per 
cent after an hour at room temperature. Reproducibility depends on ad- 
herence to the conditions of time and temperature described below. 

On the basis of these observations the methods described below were 
finally adopted and tested on primary amino acids, protein hydrolysates, 
and various nitrogenous compounds. 

Reagents— 

1. Ninhydrin solution. 372 mg. of ninhydrin are dissolved in 20 ml. of 
glacial acetic acid. The solution should be freshly prepared each day. 

2. Glacial acetic acid. Baker’s “analyzed reagent” in 1 pound bottles, 
kept closed to prevent absorption of moisture, has been used in these de- 
terminations. 

3. Hydrochloric-acetic acid mixture. 1 ml. of concentrated c.p. acid 
plus 99 ml. of glacial acetic acid. 

4. Standard proline solution. 1 X 10~ m proline (Merck and Com- 
pany) in glacial acetic acid. The solution appears to give the same color 
values for at least a month. 

5. 3 m sodium nitrite solution. 20.7 gm. dissolved in 100 ml. of water. 

6. 8.6 n hydrochloric acid. 10 ml. of concentrated c.p. acid plus 4 ml. 
of water. 

7. Ion exchange resin. Amberlite IR-4B (Rohm and Haas Company, 
Philadelphia) is washed through two cycles of 2 N hydrochloric acid and 
sodium hydroxide. The last wash with sodium hydroxide is continued 
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until the resin is chloride-free. Finally, the resin is washed with distilled 
water until the pH falls below 8.0. 
General Method for Proline 


Procedure—The analysis is applied to aliquots containing 1.5 to 10 y of 
proline in 18 X 150 mm. test-tubes. The water volume is adjusted to ex- 
actly 0.05 ml.?-* 0.2 ml. of the hydrochloric-acetic acid solution is added 
and glacial acetic acid to make a total volume of 3.85 ml. Finally, 0.3 ml. 
of ninhydrin reagent is added, and the tubes are covered with aluminum 
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Fic. 1. Effect of temperature on rate of proline color development. 
given in the text; 0.05 um of proline. 





Conditions 


caps and placed in a glycerol bath at 121-122°. The level of the bath 
should be 4 inch above the liquid in the tubes. After exactly 5 minutes, 
the tubes are placed in an ice bath and cooled to room temperature. The 
solutions are adjusted to a convenient volume‘ with glacial acetic acid, and 
the optical density at 530 my is determined within 15 minutes. Deter- 
minations are made in duplicate, and standards and reagent blanks are 
carried through the same procedure. 


Results—The optical density curve (Fig. 2) follows Beer’s law within 2 


* Aqueous solutions of a volume greater than 0.05 ml. are taken to dryness at 
room temperature in a vacuum desiccator, and 0.05 ml. of water is added. In other 
tases dilutions are made with glacial acetic acid so that the aliquot used contains 
the correct water volume in a total volume which can be conveniently pipetted. 
When small water volumes must be pipetted, micro pipettes should be used (Micro- 
themical Specialties Company, Berkeley, California). 

*The color yield of standards containing 0.1 ml. of water is 94 to 96 per cent. 


‘The final volume for all the data reported here is 4.15 ml. Colors are read in the 
Beckman spectrophotometer, 1 cm. cell. 
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per cent through readings up to an optical density of 0.8. There is a de 
viation of 5 per cent from the straight line at an optical density of 12, 
Although pipecolic acid also yields a similar color (Fig. 3), it is possible 
to determine proline in the presence of this imino acid by the method, sine 
under these conditions the color yield from pipecolic acid is much less than 
that from proline (Table I). The optical density is read at both 530 and 
560 my, and the color due to pipecolic acid is subtracted. The contribu. 
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Fic. 2. Effect of concentration on optical density. Each imino acid determined 
by the method given in the text. 


tion of proline to the color at 530 my is calculated from the following 
equation, 


DP:30 = 1.53 Ds30 — 0.93 Dseo (1) 


where D530 and Ds¢o are the observed optical densities at these wave-lengths 
and DP%33 is the optical density due to proline at 530 mu. Recoveries of 
proline (Table II) varied from 99.4 to 104.5 per cent by this method. 

Since pipecolic acid has been found in appreciable quantities only in 
plants (5, 6), and probably is not normally a constituent of proteins (see 
the section on pipecolic acid), these calculations will be required only in 
special instances. 
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A number of other amino acids give small but significant color yields 
which would interfere with the proline determination under some condi- 
tions (Table I). The method has been applied by us mainly to metabolic 
sudies of the imino acids in which these interferences appear to be neg- 
ligible. We have obtained good results by the method as described. 
However, the presence of salts may interfere with color development if 
present in sufficient concentration. Sodium chloride causes a decrease of 
2 per cent in the color value when 1 to 2 um is present per tube (20 to 40 
times the proline concentration). Phosphate buffer is also inhibitory. 
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Fig. 3. Absorption spectra of proline and pipecolic acid compounds. Each imino 
acid determined by the method given in the text; 0.05 um of each. 


The above procedure was tested on protein hydrolysates with poor re- 
sults. It was noted that in the presence of amino acids at 10 times the 
concentration of imino acid the color yields from both proline and pipecolic 
acid were decreased. High concentrations of leucine, for example, pro- 
duced this effect (Table ITI). In order to remove these interferences, the 
following procedure, which is a modification of the method of Hamilton 
and Ortiz (7), was adopted. 

Application to Protein Hydrolysates—50 mg. of protein (or less if neces- 
sary) are hydrolyzed in a sealed tube with 4 ml. of 6 n hydrochloric acid 
for 18 hours at 105°. The insoluble humin is removed by centrifugation 
and washed with 1.0 ml. of water which is added to the hydrolysate. 0.3 
ml. of sodium nitrite is mixed with 0.7 ml. of 8.6 n hydrochloric acid. 
When the reaction subsides, this is added to 1.0 ml. of protein hydrolysate 
and heated with shaking for exactly 2.5 minutes in the bath at 122°. The 
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solution is cooled immediately, and essentially all of the strong anions are 
then removed by passage over the ion exchange resin, Amberlite [R-4B. 
The resin in the hydroxide form is pipetted onto a 0.9 X 10 cm. column‘ 
and washed with distilled water until neutral. The volume of packed 
resin should be 0.9 X 6 cm. The solution after nitrous acid treatment js 


then quantitatively pipetted onto the column and the eluate collected in | 


a 10 ml. volumetric flask. The flow rate is adjusted to about 0.1 ml. per 
minute. The column is washed three times with 2 ml. portions of water, 


TaBLeE I 
Color Yields of Amino Acids* 


The results are calculated for 0.1 um of each amino acid. Proline and pipecolic 
acid were determined at a concentration of 0.05 um; other amino acids at 0.5 un. 











Proline method Pipecolic acid method 














Compound : j ay : ‘cep ot » 

Optical den- | Color yield, | Optical den- | Color yield, 

| sity at 530 mz} _—s per cent sity at 560 mu! per cent 
list axadestvisendacevews | 1.04 | 100.0 0.208 19.3 
EE SPER CEE SCOT OTe | 0.150 | 14.4 | 1.10 | 100.0 
Hydroxyproline..................--| 0.010 | 0.97 | 0.018 | iT 
ins heinetimenuenns muh | 0.184 | 17.7 | 0.044 4.00 
A eee | 0.173 | 16.6 | 0.038 3.46 
Ne fakes dank aid | 0.014 | 1.10 0.050 4.55 
Cysteine... . | 0.065 | 6.25 0.033 3.0 
Mo erat scxi .escelwvicwes | 0.009 | 0.087 | 0.012 1.09 
I Son incite intintcolsayeaees | 0.0022 | 0.19 | 0.003 0.27 


* The following amino acids gave no color by either method: arginine, pheny!- 
alanine, tyrosine, glycine, methionine, aminoadipic acid, alanine, valine, leucine, 








. glutamic acid, aspartic acid, serine, threonine, and cystine. Other compounds | 


tested, all of which yielded no color, were glutathione, glutamine, allantoin, creatine, 
glycine anhydride, and uracil. 


The eluate and washings are collected and made to volume. The final pH 
should be 4 or higher. 

When proteins containing 10 to 15 per cent proline are being studied, 
the final eluate contains 100 to 150 y of proline per ml. Since the best 
range for the determination is 3 to 8 y per tube, further dilution is required. 
For convenient pipetting, the solution is diluted to 25 to 40 y of proline 
per ml. with glacial acetic acid, and 0.1 and 0.2 ml. aliquots are determined 
by the usual procedure. The appropriate amount of water to bring the 
water volume to 0.05 ml. in all the tubes is added. When the proline con- 


5 These are conveniently prepared by drawing out the end of a 1 em. glass tubing 
to 4mm. inner diameter. Glass wool is packed into the bottom, and the flow rate is 
controlled with a small piece of plastic tubing and screw clamp fastened to the end. 
The hold-up volume of the resin column is 3.0 ml. 
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tent of the original protein is low, it may be necessary to concentrate the 
aliquots of the final eluate to dryness in a vacuum desiccator before the 
determination is made. The usual 0.05 ml. of water is then added and the 
analysis carried through as described. Standards dried in this way showed 
no loss. 

Results—To test the method, a mixture of proline and leucine was 
taken through the procedure described above. Recoveries averaged 96.0 
per cent (Table III). Recoveries from duplicate runs agreed to within 
+2 per cent. Several proteins were then analyzed by this procedure. 
The percentage proline found (gm. of proline per 100 gm. of dry, ash-free 
protein) was as follows: gelatin® 14.05, casein 11.0, zein 10.60, and gliadin 


TasB_e II 
Recoveries of Imino Acids from Miztures 


Each tube contained the indicated amounts of proline or pipecolic acid plus 
0.04 um of the other imino acid. Determinations and calculations were carried out 
according to the procedure for the respective imino acid. 











Proline Pipecolic acid 
Imino acid added 
DP at 530 my* Recoveryt DP at 560 mypt Recoveryt 

pM per cent per cent 
0 0.0 0.003 

0.01 0.115 104.5 0.109 99.1 
0.02 0.220 102.2 0.211 96.4 
0.04 0.432 100.9 0.433 98.4 
0.08 0.835 99.4 0.838 96.3 

















* See Equation 1. 
t Calculated from the data of Fig. 2. 
{See Equation 2. 


12.90. Tristram (8) has reported 14.8, 11.6 (average), 10.53, and 13.35 
per cent proline, respectively, for these proteins. The values are slightly 
lower, therefore, than those reported in the literature, but have not been 
corrected for the proline loss during nitrous acid treatment (Table III). 
This correction would be valid since it is reproducible. Hamilton and 
Ortiz (7) have noted errors resulting from the nitrous acid treatment of 
omithine, arginine, and citrulline. The color yield from lysine and ar- 
ginine by the method described here was 1.06 and 2.1 per cent of proline, 
respectively. The method is not applicable in the presence of ornithine, 


‘These proteins were obtained from commercial sources and were not further 
purified. The following proteins were used: gelatin, Knox sparkling; casein, vita- 
min-free, Labeo; zein, Corn Products Refining Company; gliadin, Bios Laboratories. 


Casein and zein contained 15.4 and 15.0 per cent nitrogen, respectively, according 
to the manufacturer. 
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since the nitrous acid treatment converts it to proline (9). If present, 
ornithine would have to be removed. Ion exchange chromatography with 
IRC-50 has been suggested for a similar purpose (10). Citrulline, jf 
present, would also have to be removed, and this is not readily accom. 
plished by ion exchange. 

It is concluded from these studies that the proposed method may be ap- 
plied without modification in many instances. The sensitivity of color 
development to interference may require preliminary separation at times, 
Proteins may be analyzed by the procedure described, provided corrections 
for proline losses are made and the small positive errors associated with the 
particular protein being analyzed are taken into account. 


TaBLe III 
Recoveries of Imino Acids from Miztures with Leucine 


Each tube contained the indicated amount of proline or pipecolic acid plus 10 
times that amount of leucine. 











Proline recovery* Pipecolic acid recovery* 
Imino acid added T d with . 
Untreated | Trcatedwith | untreated | Teated in 
uM per cent per cent per cent per cent 
0.020 85.0 89.2 
0.025 96.0 96.5 
0.040 82.6 89.5 
0.050 95.9 94.3 
0.080 87.2 92.4 

















* Calculated from the data of Fig. 2. 

+ 1 ml. of 6 N hydrochloric acid containing 10 uM of imino acid plus 100 um of leu- 
_cine treated with nitrous acid according to the procedure for protein hydrolysates. 
The pipecolic acid was also dried as described in the text. 


General Method for Pipecolic Acid 


Procedure—The analysis is applied to aliquots containing 1.5 to 10 7 
of pipecolic acid? in 18 X 150 mm. test-tubes. The water volume is ad- 
justed to exactly 0.05 ml.2»* Glacial acetic acid is added to make a total 
volume of 3.95 ml. Finally, 0.2 ml. of ninhydrin reagent is added, and the 
tubes are covered with aluminum caps and placed in a water bath as de- 
scribed for the proline determination. The tubes are heated for 8 minutes 
and then placed in an ice bath and cooled to room temperature. The solu- 
tions are adjusted to a convenient volume! with glacial acetic acid, and the 


7 pi-Pipecolic acid, a gift from Dr. P. Lowy, was used for the determination of 
standards. This was an analytically pure sample. 
* The color yield of standards containing 0.1 ml. of water is 88 to 90 per cent. 
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optical density at 560 my is determined within 15 minutes. Determina- 
tions are made in duplicate, and standards and reagent blanks are carried 
through the same procedure. 

Results—The optical density curve by this procedure is similar to that 
of proline (Fig. 2). The yield of proline color is much less than that from 
pipecolic acid in the absence of hydrochloric acid (Table I); hence it is 
possible to determine pipecolic acid in the presence of proline by reading 
the optical densities at both 530 and 560 my and correcting for the color 
due to proline. The pipecolic acid contribution to the optical density is 
calculated from the following equation: 


DP s60 = 1.48 Ds60 — 0.76 Ds30 (2) 


where Dsz0 and Dseo are the observed optical densities at the respective 
wave-lengths and DP%¢ is the optical density due to pipecolic acid at this 
wave-length. Determinations of mixtures of the two imino acids by this 
procedure gave recoveries ranging from 96.3 to 99.1 per cent (Table II). 
Color yields of 3 to 4 per cent of pipecolic acid (Table I) are obtained from 
the dibasic amino acids. 

Pipecolic acid may be determined in the presence of large amounts of 
a-amino acids by the procedure given for the determination of proline in 
protein hydrolysates in the preceding section. Recoveries from mixtures 
with leucine were 94.3 to 96.5 per cent by this procedure (Table ITI). 
Lysine and arginine when treated by the nitrous acid procedure gave color 
yields of 3.1 and 0.91 per cent, respectively. The nitrous acid treatment 
of lysine appears to yield a small amount of pipecolic acid, based on the 
absorption spectrum (after ninhydrin treatment) and paper chromatog- 
raphy. 

Color development from pipecolic acid is inhibited by small amounts of 
hydrochloric acid. A convenient procedure for the removal of volatile 
acid is to pipette aliquots of the eluate (or dilutions) into the test-tubes 
which are to be used for color development. These are placed in a vacuum 
desiccator over sodium hydroxide and taken to dryness by means of a 
vacuum pump and a dry ice trap. 0.2 ml. of water is added, and the tubes 
are again dried. This is repeated a third time. The tubes are then re- 
moved, 0.05 ml. of water is added, and the usual procedure is followed. 

Pipecolic acid was determined on the four protein hydrolysates used for 
proline analysis and the mixed proteins of a Neurospora mutant. Equa- 
tion 2 was used to calculate the pipecolic acid content with optical density 
readings at 530 and 560 my. The color values were then corrected for 
color formation from lysine. The values show that no pipecolic acid was 
present. It is estimated that, because of the large amount of proline 
present, these determinations indicate that the pipecolic acid content is 
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less than 0.5 per cent. However, paper chromatography of these hydrol- 
ysates and the protein from a Neurospora mutant (which formed pipecolic 
acid from lysine in the non-protein nitrogen fraction) has shown that 02 
per cent pipecolic acid or less is present in these proteins.° 


Products of Reaction 


On the basis of the absorption spectra (Fig. 3) and the conditions under 
which the colors are formed, it is probable that the colored compounds are 
the di(diketohydrindylidene)-pyrrolidine and -piperidine compounds iso- 
lated by Grassmann and von Arnim (3). These authors reported absorp- 
tion maxima at 528 and 554 my, respectively, for the two compounds. 
Under the conditions described here the peaks are at 535 and 558 mu. We 
have not attempted to isolate these compounds. 

In addition, we have observed that all of the a-amino acids form transi- 
ent colors during the heating period. Only the basic amino acid and 
cysteine colors remain, however. The absorption spectra of these colored 
compounds differ from those of the imino acids and are different for each 
of the amino acids, and thus they are not diketohydrindylidene-diketo- 
hydrindamine, the product of the reaction with a-amino acids in aqueous 
solution (1, 2). Baikiain’® (A‘-dehydropipecolic acid) gives a color yield 
of 65 per cent of pipecolic acid, with an absorption maximum at 400 my. 


SUMMARY 


1. The reaction of proline and pipecolic acid with ninhydrin in glacial 
acetic acid in the presence and absence of hydrochloric acid is used as the 
basis for a quantitative, photometric determination for each of the imino 
acids. 

2. Procedures are described for the application of this method to the 
analysis of mixtures of the two imino acids and mixtures with a-amino 
acids, including protein hydrolysates. 

3. No evidence has been found for the presence of pipecolic acid in any 
of five proteins studied. 


The author wishes to express thanks to Dr. Henry Borsook for his en- 
couragement and support of this work. The competent technical as- 
sistance of Mr. R. J. Busser is acknowledged. 
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SODIUM AND POTASSIUM COMPLEXES OF ADENOSINE- 
TRIPHOSPHATE: EQUILIBRIUM STUDIES* 


By NORTEN C. MELCHIOR 


(From the Department of Biochemistry, Graduate School and the Stritch School of 
Medicine of Loyola University, Chicago, Illinois) 


(Received for publication, August 26, 1953) 


During a discussion of certain aspects of the biochemistry of kidney 
function, the suggestion was made that differences in the extent of complex 
formation between sodium ion and ATP! compared to potassium ion and 
ATP might be one of the molecular mechanisms by which living cells dis- 
criminate between Nat and K+. An investigation of the literature has 
revealed a number of observations which support this possibility. Van 
Wazer and Campanella (1) have shown that polyphosphates form com- 
plexes with Na* or K+; the Na+ complex is somewhat more stable. Mudge 
(2) has presented evidence that the accumulation of K* by slices of rabbit 
kidney depleted of K* is directly related to oxidative phosphorylation. 
Alberty, Smith, and Bock (3) determined the apparent dissociation con- 
stants of ATP in 0.15 m NaCl and reported that the apparent constant 
was changed only slightly by replacing Na+ by Tmat. This change was, 
however, in the direction which would be expected if Na+ formed a com- 
plex with ATP. 

The present study, an application of what has been called the Bjerrum- 
Calvin method (4, 5) for measuring the formation of complexes in aqueous 
solution, shows that both K+ and Nat form complexes with ATP-‘ and 
that an appreciable fraction of ATP is present in the form of such com- 
plexes in the ranges of pH and of (Nat) and (K+) found in physiological 
fluids. No difference in the stability of the two complexes was demon- 
strable. Similar studies on one sample of ADP indicate that less stable 
complexes are formed between Na+ or K+ and ADP-*. Within the some- 
what larger uncertainty of this measurement, the stability of the NaADP~ 
complex is the same as that of KADP~. 


* This investigation was supported in part by a research grant (No. H-1342) from 
the National Heart Institute of the National Institutes of Health, United States 
Public Health Service. A preliminary report was presented before the Division of 
a Chemistry of the American Chemical Society, Atlantic City, September 
7, 1952. 

‘The following abbreviations are used in this paper: ATP, adenosinetriphosphate ; 
ADP, adenosinediphosphate; Tma*, tetramethylammonium ion; Taa*, tetraalkyl- 
ammonium ion; Tea*, tetraethylammonium ion; TmaBr, tetramethylammonium 
bromide; KATP-?, potassium complex of ATP. Simple, obvious variants of these 
symbols are used: TaaOH, NaATP-, etc. 
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EXPERIMENTAL 


Titrations—The solutions were titrated in a water-jacketed Pyrex vessel 
maintained at constant temperature by circulation from a thermostat, 
The method used is a modification of that reported by Calvin and Melchior 
(5). Preliminary experiments confirmed the statement by Alberty et al. (3) 
that the change in the apparent pK, was small when Tmat was substituted 
for Nat. The change was, however, real, and, with due care, could be 
measured with satisfactory reproducibility. Since the area of interest was 
much smaller than that investigated by Alberty et al., larger amounts of 
ATP could be used and the observable effect magnified. Titrations to be 
compared were performed the same day on aliquots of a single preparation 
of Taa-ATP, thus eliminating differences due to sample preparation. Ina 
typical procedure aliquots of the salt solution desired, any supporting 
electrolyte (usually TeaBr), and the ATP preparation were purged with 
carbon dioxide-free nitrogen while slightly acid. An aliquot of Taa hy- 
droxide was then added and the mixture was titrated with standard HCl 
dissolved in 0.15 m TaaBr. The aliquots and concentrations were arranged 
to maintain a constant (Br-) in those titrations in which a silver-silver 
bromide reference electrode was used. To eliminate the effects of trace 
impurities in the salt solutions (all other solutions were identical aliquots), 
exactly similar titrations were performed in the absence of ATP. The 
number of ml. required to reach a given pH in the absence of ATP was 
subtracted from that required in the presence of ATP. The resulting 
numbers plotted as a function of pH form a titration curve (Fig. 1) which 
shows only the effects of the particular ATP preparation and its interac- 
tions with the medium. Electromotive force or pH measurements were 

.made with a Beckman model G pH meter, with a standard No. 1190-80 
glass electrode. The response of this electrode (and the meter) was 
checked at intervals by reading the pH of various commercially available 
buffer standards in the pH range 5 to 8 with the meter set at pH 3.95 in 
0.10 molal potassium acid phthalate (6). No deviation greater than 0.02 
pH unit was ever found. For daily use the meter was set against 0.10 
molal potassium acid phthalate. The electromotive force of this glass 
electrode versus various silver-silver bromide electrodes in 0.10 molal potas- 
sium acid phthalate dissolved in 0.15 m TeaBr remained at 332 mv. over 
a period of 6 months, which indicates a stable asymmetry potential. Sil- 
ver-silver bromide electrodes prepared by electrolysis in HBr or by the 
method of Bates (7) gave identical results. 

TaaATP—Pabst dibarium ATP, Lot 107, was used in most of the ex- 
periments reported here. Sigma dibarium ATP, Lot 112-1, gave similar, 
but not identical results. Solutions were prepared by grinding and shaking 
the weighed solid with an excess of sulfate ion (sulfuric acid or Taa sulfate, 
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or mixtures of the two). Precipitated barium sulfate and any undissolved 
ATP were removed by centrifugation. In early experiments a gelatinous 
precipitate formed very slowly in the supernatant solution when neutral 
sulfate solutions were used to dissolve the ATP. If the mixture was al- 
lowed to stand overnight in the refrigerator before centrifugation, the gel 
could be removed at 2500 X g. The small amount of hydrolysis during 
this procedure is preferable to the unknown effects of precipitate formation 
during titrations. In later experiments sufficient sulfuric acid was present 
during the precipitation to convert the ATP into a mixture of its di- and 
trinegative ions at about pH 3. The acid was neutralized with TaaOH 
after removal of solids by centrifugation. This procedure could be com- 
pleted in about 30 minutes, and no further precipitation was observed. 
In one experiment a larger quantity of acid was present: 1.92 mm of sul- 
furic acid in 20 ml. of water and 0.44 mm of dibarium ATP were ground 
and shaken together for 10 minutes and the mixture centrifuged. When 
the supernatant solution was neutralized with TeaOH, a yellow color 
developed. The titration curves obtained with this solution indicated the 
presence of an appreciable amount of a weak base similar to adenine. This 
degree of acidity is therefore to be avoided in the preparation of ATP 
solutions. 

TeaADP—Sigma barium ADP, Lot 62-71, was dissolved by the slightly 
acid precipitation described for the ATP solutions. Tetraalkylammonium 
bromides and chlorides were recrystallized twice from isopropyl alcohol 
and dried in high vacuum at 25°. Tetraalkylammonium hydroxides were 
prepared by shaking the appropriate purified bromide with two batches 
(a large excess) of exhaustively washed, freshly precipitated silver oxide 
prepared from clear solutions of reagent grade silver nitrate and carbonate- 
free sodium hydroxide. Potassium chloride, reagent grade, contained a 
small amount of a basic impurity which was reduced almost to zero by 
two recrystallizations from water. The effects of this impurity were elimi- 
nated by the comparison method used. Sodium chloride, reagent grade, 
showed no abnormalities in titrations and was used without purification. 
Diluted hydrochloric acid, reagent grade, was standardized by comparison 


with potassium acid phthalate (primary standard). All water used was 
redistilled in an all-Pyrex still. 


Results 


From titration curves such as that shown in Fig. 1 the apparent pK, for 
ATP in the presence of Taa+ was calculated by successive approximations, 
assuming that pK; was 4.00 (3). The results of such calculations are 
collected in Table I. The standard errors are for points spaced evenly 
along the titration curve from 10 to 90 per cent neutralization. Correction 
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for small amounts of impurities, measurable in the basic arm of the curve, 
make the individual values more self-consistent, but in no case do these 
corrections change the pK, value by more than 0.05 unit from that which 
can be estimated visually. 
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Fic. 1. Differential titration curves for yeast ATP. The calculated points are 
_ based on pK HATP~* = 6.90; pK H.ATP~ = 4.00; K; KATP™$ = 9.2. +, (CH,)sN’, 
0.20 m; X, Kt, 0.05 m, (CH3),N*, 0.20 m. The small deviations at the ends of the 
titration curve are consistent with the presence of a small amount of adenine, pK,’ 
= 4,12; pK, = 9.75. 


Calculations—It can be seen in Fig. 1 that, in certain pH ranges, less 
HCl is required to reach a given pH in the presence of Nat (or K*) than 
in the absence of these ions. This measurable excess of acid is derived 
from the net reaction,” 


2 Alternative explanations for the observed differences in pH (e.m.f.) are elimi- 
nated as follows: First, the observed e.m.f. change upon adding Na* (or K*) toa 
solution containing ATP might be due to a change in the junction potential of the 
calomel electrode. This possibility was evaluated by eliminating the junction 
potential. Essentially identical results were obtained in cells without liquid junc- 
tion. Second, since it is known that the degree of hydration of ions can differ, the 
substitution of Nat (or K+) for Taa* might yield solutions in which the activity of 
water was changed sufficiently to cause the changes observed. Two items of experi- 
mental information are pertinent. The calculated formation constants are of the 
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HATP-* + M+ — MATP- + Ht 


in which M* is either Na* or K+. Calculations based on this equation 
and material balances, considerably simpler than those used previously 
(5), yield numerical values for the formation constant,* 


CuaTP * 
K; = 


cut X care! 


The results of such calculations are collected in Table II. The results of 
similar experiments with ADP are collected in Table III. 
TaBLe I 


Apparent Dissociation Constant of Adenosinetriphosphate in Presence of 
Tetraalkylammonium Ions 














Ionic strength ATP concentration pKa 
yu mole per I. 
0.15 0.0006 6.98 + 0.01 
0.17 0.0022 6.93 + 0.01 
0.20 0.0020 6.90 + 0.01 
0.21* 0.0008 6.90 + 0.02 
0.30* 0.0068 6.85 + 0.02 
0.22 0.0016+ 6.79 + 0.02 





Measurements in aqueous solution at 25°. Glass electrode versus Ag-AgBr elec- 
trode in 0.15 mM bromide ion. Ky, is the constant defined by K, (au* X carp *)/ 
cute *. Pabst dibarium ATP used in the preparation of most of the solutions. 

*Saturated calomel electrode substituted for Ag-AgBr electrode. 

+ Sigma dibarium ATP used in the preparation of the solution. 


DISCUSSION 
The measurements described demonstrate definitely that the value of 


pK, (apparent) for ATP in the presence of tetraalkylammonium ion is 
approximately 6.9 and changes little with ionic strength in the range of 





same order of magnitude whether K* was added to the TaaATP solution (Table II, 
third line) or substituted for equimolar quantities of Taa*+. Also, a change in ionic 
strength of 100 per cent (0.15 to 0.30) changes the value of the apparent pK by only 
0.13 unit (Table 1). The change in pH observed when 0.05 m K* is substituted for 
0.05 m Taa* at a total ionic strength of 0.2 (in ATP solutions) is much larger and 
must be due to something other than an effect on the activity of water. Any direct 
efiect of Nat or K+ on the activity of ATP~‘ must involve the formation of complex 
ions, as postulated. 

*For the discussion which follows, thermodynamic values for the dissociation 
constant of ATP and the formation constants of NaATP-* and KATP-? are not 


required. Comparisons of the amounts of each complex present at equilibrium are 
best made from the constants given. 
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wp = 0.15 to 0.30. The value for pK, (apparent) changes markedly if 
sodium or potassium ions are substituted for tetraalkylammonium ions at 
equal ionic strengths, and this change is consistent with the formation of 
complex ions such as NaATP-* and KATP-*. Within the concentration 
range studied, the values indicate a 1:1 complex, as shown. 














TABLE IT 

Formation Constants for Complexes of Positive Ions with Adenosinetriphosphate 
Ky 
Tonic strength ATP Na* or Kt tee 
NaATP* KATP 

B mole per I. mole per l. 
0.21 0.0022 0.044 9.2 + 0.8 10.0 + 0.4 
0.20 * 0.0020 0.045 9.8 + 0.2 
0.27* 0.0008 0.056 9.6 + 0.4 9.2+ 0.2 
0.30* 0.0068 0.093 7.0 + 0.5 6.8 + 0.3 
0.22 0.0016 0.045 9.9+ 0.4 9.6 + 0.3 














Measurements in aqueous solution at 25°. Electrolytes not otherwise indicated 
are Taa salts. Pabst dibarium ATP used to prepare the initial solutions. Glass 
electrode versus Ag-AgBr in 0.15 m bromide. 

* Saturated calomel reference electrode. 

¢ Sigma dibarium ATP. 


TaB_eE III 


Apparent Constants for Interactions of Sodium, Potassium, and Hydrogen 
Ions with Trinegative Ion of Adenosinediphosphate 











Ky 
Tonic strength ADP Na* or Kt pKs 
NaADP* KADP* 
“ mole per l. mole per I. 
0.22 0.0018 0.045 6.65 + 0.01 | 4.5240.7|4.8+0.1 





Dissociation constant determined in the presence of tetraethylammonium ion. 
Measurements in aqueous solution, 25°; glass electrode versus Ag-AgBr electrode; 
bromide ion 0.15 m. 


The demonstration that appreciable amounts of such complex ions exist 
in aqueous solutions at physiological pH values and concentrations of Na*, 
K+, and ATP reemphasizes the magnitude of the problem of describing 
with precision the metabolic transformations which involve these sub- 
stances. The quantity of published material dealing with these problems 
is staggering, and no attempt is made to summarize it here. A symposium 
on potassium metabolism (8) provided a considerable amount of informa- 
tion on the current status of pertinent studies in that field, and a brief 
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summary of Na+ and K* relationships serves as an introduction to a paper 
by Cannon, Frazier, and Hughes (9). 

Boyer (10) has listed a number of enzyme systems which show activa- 
tion by K+, and Von Korff (11) and Kachmar and Boyer (12), among 
others, have demonstrated that the effects of Na+ and K+ are differen- 
tiated at the enzyme level. It happened that the systems studied by 
both groups involved different reactions of ATP. Pyruvic phosphoferase 
was studied by Kachmar and Boyer (12) and the acetate-activating en- 
zyme system by Von Korff (11). In both enzyme systems K+ or ions of 
similar charge and size,‘ such as ammonium or rubidium ion, are required, 
while Na+ or Li* ions (smaller than Nat) are inhibitory. The demonstra- 
tion that K+ and Na* form complexes with ATP to approximately the 
same extent indicates a possible explanation of these observations. If the 
shape of these complexes is determined by the size of the ion® and a par- 
ticular shape is favored (or required) by the enzyme, inhibition of the 
reaction by other positive ions would occur if they formed complexes 
which had a different shape. This inhibition would occur by competition 
for the ATP and by competition for the enzyme surface between the two 
complexes. 

The information which is available to help visualize the possible con- 
figurations of the various ATP species must be considered step by step. 
In most biological fluids only the tri- and tetranegative ions of ATP and 
the complexes formed from them need be discussed. It is generally ac- 
cepted that the polyphosphate portion of ATP is a linear chain attached 
to the 5th ribose carbon of adenine-9-8-p-ribofuranoside. Studies of a 
Stuart type® molecular model of this substance, which approximates the 
correct molecular dimensions and interactions, indicated that the molecule 
can be considered as a modified tripolyphosphate. If we compare ATP 
with pyrophosphate, the simplest condensed phosphate (Table IV), we find 
that the interactions of H+ and Na+ with ATP~ are much less than might 
have been expected from the measurements by Monk (18) on P.O;~. If 
we compare the pK, of ATP with that calculated by the methods in which 
only electrostatic and statistical effects are considered (19), we find that 
the difference between observed and calculated values is much smaller for 
HATP~ than for HP.O;-*. These data indicate strongly’ that a hydrogen 

‘Ton diameters from Pauling (13) in angstrom units are as follows: Lit 1.20, Mg**+ 
1.30, Na* 1.90, Ca*+ 1.98, K+ 2.66, Rb+* 2.96, NH,* 2.96. 

‘It is recognized that other ions important in metabolism such as Mg*+ and Ca*+ 
form complex ions of greater stability with ATP~ (14-17). 

*Fisher-Hirschfelder-Taylor models, Fisher Scientific Company. 

The fourth dissociation constant is much less than that calculated, which indi- 
tates some stabilizing effect in the acid which is not present in the ion. This could 
be a hydrogen bond between oxygen atoms on adjacent phosphate residues. This 
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bond exists in HP,O;-*, but that in some way the effect of what should be 
an entirely similar interaction is counteracted in HATP~ (and HADP~), 
A molecular explanation is required which must also be consistent with the 
reduced interaction of ATP-* with Na+ compared with the Nat-P,0,~ 
interaction. 

Studies of molecular models, in which the pyrophosphate chain is formu- 
lated as follows (20), 


TaBLe IV 
Comparison of Interaction Constants of Related Polyphosphates 





Dissociation of conjugate acid 








Substance pKa, po ne nd a IKy for Na* complex 
| Calculated pKa | Observed pKa 

ATP-* | 6.3 6.9 0.6 

ADP-* | 6.4 6.7 0.3 5 

P.O; | 7.3 9.6 2.3 | 200 

HP.0O;-3 6.1 (6.6)* | 6.6 0.5 (0.0)* 


\ 





Dissociation constants calculated by the method discussed by Branch and Calvin 
(19). Experimental values for pyrophosphate from Monk (18). 

* Calculated on the assumption that one hydrogen bond exists in both salt and 
acid. 


where R represents the adenosine residue, indicate several quite different 
configurations in which intramolecular hydrogen bonding between hydro- 
gens of the hydroxyl or amino group and the negatively charged oxygen 
atoms of the polyphosphate portion is strongly indicated. For example, 
any of the charged oxygen atoms can be brought into position to form a 
hydrogen bond with the C-3 hydroxy] of the ribose portion, while the C-2 
hydroxyl can bind with any of the charged oxygen atoms of the 2 terminal 
phosphate residues. Another configuration group places 1 of the oxygen 
atoms of the 2 terminal phosphate residues in contact with the hydrogen 
atoms of the amino group.’ The effect of any of these hydrogen bonds 





idea is supported by comparison of experimental and calculated values for the dis- 
sociation of H:P,0;-. A much smaller discrepancy is found between experimental 
and calculated values for the dissociation of this substance, a discrepancy which is 
reduced to zero if one assumes in the calculation that one hydrogen bond exists in 
both acid and ion. 

8 This kind of configuration is probably responsible for the irregular increase 10 
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would be to increase the dissociation of a proton by a direct electrostatic 
effect and by reducing the hydrogen bonding of this proton by competition 
for the negatively charged oxygen atoms. Some of these configurations, 
however, are favorable for the hydrogen bonding of the last proton of ATP, 
and the summation of oppositely directed effects results in the relatively 


small deviation observed. The net acid weakening is less prominent in 
ADP, as would be expected. 


























Fic. 2. Examples of configurations of ATP species, drawn to scale. Middle, 
ATP-*; top and bottom, HATP-*. Black indicates P; clear, O; vertical lines, N; 
horizontal, C; cross-shading, H. A indicates the amino group; B, hydrogen atoms 
which are in position to form hydrogen bonds with negatively charged oxygen atoms 
in the polyphosphate chain. 


As a result of these considerations a solution of ATP near neutrality is 
visualized as a mixture of a number of quite different configurations of the 
tri- and tetranegative ions. Some of the possibilities are shown in Fig. 2. 





the base strength of the amino group as additional phosphate residues are added to 
adenosine-5-phosphate (3). It is not probable that this change is due simply to the 
change in the net charge of the ion, since this electrostatic change would have little 
or no influence unless the change occurred in the immediate vicinity of the amino 
group; transmission of such a change in charge through the ribose portion would 
reduce the measurable effect to zero. 

*The competition of intramolecular hydrogen bonds for the negatively charged 
polyphosphate oxygen atoms is probably also responsible for the greatly reduced 
interaction of ATP‘ with sodium ion compared with that of P207~‘. 
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The distribution among these configurations would be altered by small 
changes in pH and by the formation of complexes with metal ions. With 
the aid of spheres made to approximate the metal ion diameters given by 
Pauling (13) on the same scale as the molecular models of ATP, several 
configurations of the complex ions can be found which would be expected 
to be of low energy, hence more stable. Some of the variations involving 
the polyphosphate chain are indicated in Fig. 3. Those of Type I are the 
only possibilities with ADP, while those of Type II would seem to be of 
greater stability. If the shapes of various Type II complex ions are inves- 
tigated in the model, significant differences are found (Fig. 4). Magnesium 
ion is almost completely surrounded, both sodium and calcium ions are 


- om 0 
TYPE | R-0-P-0- P-0-Pto™ 
BI-, TRI- OR Pa > . 
TETRADENTATE h = 
4,0~ go 
TYPE I! R-O0-P” of \ 
TRI-, TETRA-, PENTA- yr. 2 
OR HEXADENTATE MOL4 
Py 
o 2 


Fig. 3. Types of complex ions which can be formed from positive ions and the 
polyphosphate chain of ATP~*. M indicates a positive ion, R, the adenosine residue. 
The terms bi- and tridentate, etc., refer to the number of oxygen atoms which are 
sufficiently close to the metal ion to exert a direct electrostatic effect; the use of these 
terms does not imply covalent binding. Type I requires only 2 phosphate residues; 
Type II requires 3. 


enclosed to a considerable extent, but potassium ion seems to rest in a 
rather shallow cup, very different in appearance from the other three 
complex ions. The difference between a particular oxygen to oxygen dis- 
tance in the NaATP-*' complex ion and the corresponding distance in 
KATP- is of the same order as the difference in the diameters of the two 
positive ions. This change in oxygen to oxygen distance is about 4 times 
that which is found when the MgATP~? and CaATP~ complexes are simi- 
larly compared, although the difference in diameters of these two positive 
ions is almost identical with the Nat+-K+ difference. It should be empha- 
sized that this is an exceptional circumstance: the change in ion diameter 
between Nat and K* occurs at a size which seems critical for the polyphos- 
phate chain. All positive ions smaller than Na+ can be enclosed to some 
extent in complexes of Type II, while all monopositive ions larger than K* 
will have an open configuration. 

Thus it is to be expected that the combination of ATP— with positive 
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jons would markedly affect the configurations present in solution. If, as 
appears increasingly probable, the union of enzyme and substrate occurs 
as a resultant of a number of coordinated forces (see Ogston (21)), it is 
possible to see how a particular metal ion which causes an increase in the 
amount of a molecular shape which is especially favorable (or unfavorable) 
to the required combination with an enzyme could profoundly affect the 
rate of the reaction catalyzed by the enzyme. The idea that combination 
of a metabolite with a metal ion markedly and specifically alters the mo- 
lecular shape of the metabolite, and thus may alter the rate of enzyme- 
| 


| R 
| 


ta | 
Mg | 


Fic. 4. Configurations which would be expected for the complex ions KATP-*, 
NaATP-*, and MgATP-*. R is the adenosine residue; black indicates P; clear, O. 
The parallel lines assist in estimating interatomic distances. 


catalyzed reactions of the substance, should be of wide-spread importance. 
For example, this formulation is in complete accord with the effects of 
monopositive ions on the enzyme systems studied by Von Korff (11) and 
by Kachmar and Boyer (12) and discussed earlier in this paper. In addi- 
tion to the metabolic control which can be exerted by K+ and Na* by their 
influence on various enzyme systems (10), we can see another molecular 
mechanism for the influence of pH changes on metabolism, because the 
amounts of NaATP-* and KATP- present will be affected by changes 
in pH. 

It is possible to fit the assembled information into a pattern which indi- 
tates the selective transport of K+ during normal metabolism. The co- 
ordinated movements of the polyphosphate chain, the required breaking 
of hydrogen bonds, and removal of the water of hydration of the positive 
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ion all indicate that the formation of these complexes, in the absence of 
enzyme catalysis, will be somewhat slow.'® The dissociation of these com- 
plexes must be slower than their non-catalyzed formation by a factor of 
approximately 10, as indicated by the equilibrium constants in Table II. 
In the normal course of metabolism some ATP is formed from ADP and 
phosphoenolpyruvate. The principle of microscopic reversibility (23) in- 
dicates that the ATP species formed by this enzymic reaction will be the 
KATP complex, on the basis of the interpretation given in this paper for 
the K+ requirement demonstrated for the reverse reaction (12). If the 
cellular organization is such that the utilization of ATP by similarly selec- 
tive enzyme systems is not coincident with its production, K+ will be 
transported from one site to another as the KATP complex." Fructo- 
kinase (16) and the acetate-activating system (11) are examples of systems 
which use ATP and are activated by Kt. This sequence provides the 
essential elements of a selective transport system: a high concentration 
gradient over a short distance, selective removal of K* at one site to form 
KATP-, and selective reaction of KATP~ at a different site to liberate 
K+. Further discussion of this and related suggestions will be deferred 
pending the collection of pertinent experimental data. 


SUMMARY 


The dissociation constants for HATP-* and HADP~ have been meas- 
ured in aqueous solutions at 25° in the presence of tetraalkylammonium 
ions. The formation of the complex ions KATP and NaATP~ has been 
demonstrated, and values for their association constants have been ob- 
tained. Similar complexes of ADP are indicated. The relationships of 
these results to certain known Na*+-K+ antagonisms, to metabolic control 
by changes in the concentrations of H+, Na+ and K+, and to the selective 
transport of K+ in biological systems are discussed. 
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HOMOGENTISIC ACID OXIDASE* 


I. DISTRIBUTION IN ANIMAL TISSUES AND RELATION TO 
TYROSINE METABOLISM IN RAT KIDNEY 


By DANA I. CRANDALL anp DEMETREOS N. HALIKIS 


(From the Department of Biological Chemistry, College of Medicine, University of 
Cincinnati, Cincinnati, Ohio) 


(Received for publication, December 22, 1953) 


In the course of a study of the properties of the homogentisic acid oxi- 
dase of rat liver the activity of other animal tissues has been briefly ex- 
amined. The enzyme has been reported to occur in beef and hog (1), 
guinea pig (2), and rabbit (3) livers and in a strain of Pseudomonas (4). 
The experiments reported here show that the enzyme is also present in 
pigeon liver and in guinea pig, rabbit, pigeon, and rat kidney but absent 
in a variety of other tissues tested. Its presence in kidney prompted a 


reinvestigation of the ability of the rat kidney to oxidize L-tyrosine to 
acetoacetate. 


EXPERIMENTAL 


Preparation of Enzymes—1 part of minced tissue was homogenized with 
2 parts of phosphate-saline (NaCl, 0.127 m; KH2PO,, 0.0083 m; K,zHPO,, 
0.067 m, pH 7.6) at 0°. Particle-free supernatant solutions were prepared 
from whole tissue homogenates by centrifuging at 105,000 x g and 0° for 
1 hour in a Spinco preparative ultracentrifuge. The enzymatic activity 
of whole homogenates was estimated immediately; supernatant solutions 
were stored in an ice bath and estimated within 24 hours. Ethanol-pre- 
cipitated preparations of rat kidney were made by adding 0.46 volume of 
prechilled (—15°) 95 per cent ethanol to the particle-free supernatant 
solutions immediately after immersion in a bath at —16°. The alcohol 
was added dropwise with stirring so that the temperature slowly fell to 
-10° and the final mixture was allowed to stand in an ice bath for 1 hour. 
The precipitate was collected by centrifugation at —8° and resuspended 
in 0.5 volume of phosphate-saline, pH 7.0. 

Incubations—Homogentisic acid oxidase activity was determined mano- 
metrically. The oxygen uptake in the first 10 minutes of incubation (cor- 
rected for controls without substrate) was found to be roughly proportional 
to the amount of enzyme solution used in control experiments with particle- 

* This investigation was supported in part by a research grant (No. G-3193-C2) 


from the National Institutes of Health, United States Public Health Service. Pre- 
liminary reports of this work have been presented (23). 
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free liver preparations. It was therefore taken as an index of activity 
and expressed in microliters of O2 per minute. In these determinations 
the main compartment of the Warburg vessels contained 0.5 ml. of enzyme 
solution (adjusted to pH 7.0), 0.5 ml. of either 0.1 m potassium phosphate 
or maleate buffer, pH 7.0, or 1.0 ml. of the phosphate buffer in the case 
of whole homogenates. The side arms contained 0.5 ml. of 0.04 m ho- 
mogentisic acid which had been 70 per cent neutralized with NaHCo0,. 
The total volume was 2.0 ml., the temperature 38°, and the gas phase 
oxygen. 

In the studies of tyrosine oxidation, the side arms contained 1.0 ml. of 
enzyme solution adjusted to pH 7.5 and 0.1 ml. of freshly prepared 0.5 
per cent ascorbic acid which had been 80 per cent neutralized with 
NaHCO;. The main compartments contained 1.0 ml. of phosphate-saline 
solution at pH 7.5 (potassium phosphate buffer, 0.089 m; NaCl, 0.125 m), 
or 1.0 ml. of this solution containing 8.7 um of L-tyrosine, 0.3 ml. of 0.1 u 
sodium a-ketoglutarate, and 0.2 ml. of HO. The vessels contained alkali 
insets, the gas phase was air, and the temperature was 38°. 

Analytical Methods—4-Fumarylacetoacetic acid was determined by a 
colorimetric procedure previously described (5). 

The total 6-keto acid content of mixtures of acetoacetic acid and 4-fu- 
marylacetoacetic acid was estimated manometrically by measuring the 
CO, evolved in the presence of aniline citrate at 38°. The recoveries by 
this procedure are low, since 4-fumarylacetoacetic acid is not completely 
decarboxylated even when the incubation is allowed to run for long periods, 
whereas acetoacetic acid is completely decarboxylated in 12 minutes. This 
procedure was used, however, for the determination of values for total 
6-keto acids given in Table IV, since the minimal values so obtained were 
‘adequate to make the point in question. 

Acetoacetic acid was estimated in the presence of 4-fumarylacetoacetic 
acid by measuring the total CO. evolved in 12 minutes in the presence of 
aniline citrate at 38°. This value was then corrected for the CO: caleu- 
lated to have arisen from the amount of 4-fumarylacetoacetic acid known 
to be present (which had been determined colorimetrically). The calcula- 
tion is based on our observation that 33 per cent of the pure compound is 
decarboxylated in 12 minutes under these conditions. 


Results 


Since the homogentisic acid oxidase activity of rat liver has been shown 
to reside entirely in the particle-free supernatant solution (5), similar prepa- 
rations of other tissues (which have the advantage of having little or no 
endogenous respiration) were tested for homogentisic acid oxidase activity. 
The results, shown in Table I, indicate that the particle-free preparations 
of rat kidney tissue, on the average, had 40 per cent of the activity of liver 
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and that those derived from brain, spleen, cardiac and skeletal muscle, 
intestine, and blood were essentially inactive. Particle-free preparations 
of guinea pig, rabbit, and pigeon kidney were all distinctly active but 
somewhat less active than rat kidney either when compared directly or 
when the ratios of activity of kidney to liver for these different species 
were compared. 


TaBLe I 


Homogentisic Acid Oxidase Activity of 0.6 M1. of Particle-Free Supernatant Solutions 
of Tissue Homogenates 








pl. Ov per min. 








| pl. Oz per min. 
Rat liver 46* Rat blood cells 0 
44* - ‘« serum 0 
| 50* | Guinea pig liver 74.0* 
30* 20.6 
| 40* | 37.0 
Rat kidney 15.5 | Guinea pig kidney | 3.5 
27 | 2.2 
= | | 4.0 
| 18.5 | Rabbit kidney | oe 
ll | 8.4 
13.5 Rabbit liver | 30.6 
Rat spleen | 1 Pigeon ‘“ 82.4* 
“ heart | 1 81.1* 
“ skeletal muscle 0 | Pigeon kidney 15.4 
“ intestine | 0 16.4 
| 1 | 
Rat brain 0 | 
15 | 








* Apparent activities of over 35 ul. of O2 per minute are outside of the range in 
which linear proportionality between the rate of oxygen uptake and enzyme levels 
exists. Therefore, in these cases, the activity was determined with smaller addi- 
tions of enzyme and the true activity for a 0.5 ml. addition calculated. 


The possibility that homogentisic acid oxidase activity might reside in 
the particulate fractions of these extrahepatic tissues was also tested by 
incubating their whole homogenates with homogentisic acid. In addition, 
whole homogenates of rat germinal epithelium, pancreas,’ and _ salivary 
gland (combined parotids and submaxillaries) were tested. The results 


‘The absence of activity in these pancreatic homogenates is apparently not due to 
the action of proteolytic enzymes, since the addition of an amount of 1:100 trypsin 
powder equal to 2 per cent of the total protein present resulted in no loss of homo- 
gentisic acid oxidase activity in a particle-free liver preparation. The trypsin was 
added to the ice-cold liver enzyme 2 hours before its activity was determined, thereby 


duplicating the conditions under which the pancreatic homogenate was prepared 
and assayed. 
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are shown in Table II. Here, supplementation with homogentisic acid 
caused no increase in the oxygen uptake except in the case of rat and guinea 
pig kidney tissue. 

The oxidation product formed from homogentisic acid in the particle. 
free preparations of rat kidney is shown in Table III to be a mixture of 
4-fumarylacetoacetic and acetoacetic acids. Here, 95 per cent of the oxy- 


TaBLe II 
Homogentisic Acid Oxidation by 0.5 Ml. of Whole Homogenates of Tissues 











Tissue Corrected O2 uptake* 


| pl. per min. 





Ss Sta i re igh ak eee algal d bel ig et Series | 32.5 
0 RIERA ROR Se eee ere ee ae 13.2 
tA RR SNAPE aa er ee eer eae ee ere ee 0.9 
PE NOR, oo oon eb Sc ecto weau ses tabmemes baled ox 0.3 
NE PIR oa 5 aid oidcla bs. ud wawe aweson mean 0.3 
ee ee ee ee ey eee 1.4 
at SES A See ne eee ‘3 
fA REET 0 Sie Sen ee a Rie feet 0.3 

I oo ch ate aaks cos MWiewcan Garant tebe §.7 

_ CAS 5 01" kuin Adie whee Poni cee SA ee ewan miee 0.6 

ER A ee oe Oe eC Cree eer ee rer 0.1 
wi DT GR Ae SP eee ee ree een eres 0.0 
or TI oi 20 5.55 nln con eine care dois baw wl Mok naleiarbiaie 0.4 
™ S Re Sak os ee Tees | 0.0 
Oo II, os ch ccs chu nse vced edges teacws 0.0 


shih cares are eee are he 0.0 





* Corrected for control without substrate. 


. gen uptake is accounted for by the production of these 6-keto acids accord- 
ing to the equation 


H.O 
Homogentisic acid + O2 — 4-fumarylacetoacetic acid ——, 


fumaric + acetoacetic acids 


Addition of 30 per cent ethanol to the particle-free preparation (a pro- 
cedure previously used with rat liver to separate homogentisic acid oxidase 
from 4-fumarylacetoacetic acid hydrolase (5)) precipitated a fraction shown 
in Table III to convert homogentisic acid to 4-fumarylacetoacetic acid in 
96 per cent yield on the basis of oxygen uptake and the above equation. 
Taken together these results indicate the presence of 4-fumarylacetoaceti¢ 
acid hydrolase in rat kidney. 

The presence of a relatively active system in our kidney preparations 
for the conversion of homogentisic acid to acetoacetic acid made it seem 
important to reinvestigate the ability of rat kidney to oxidize i-tyrosine 
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to acetoacetate and thus provide an explanation for the presence of homo- 
gentisic acid oxidase in this tissue. According to the literature L-tyrosine 
is not oxidized (6) or it consumes, at most, 1 atom of oxygen per mole 
(7) when incubated with kidney suspensions. p- but not L-tyrosine has 
been reported to be ketogenic when incubated with guinea pig kidney 
slices (8). It seemed possible that the oxidation of L-tyrosine by kidney 
homogenates might depend to an even greater extent than it does in liver 
homogenates on factors which have recently been shown to stimulate 
greatly tyrosine oxidation by liver enzymes. These factors are a-ketoglu- 
tarate, which is required for the initial transamination step (9-11), and 
ascorbate, a cofactor for the oxidation of the resulting p-hydroxyphenyl 
pyruvate (10). Bernheim’s observation (6) that concentrated rat kidney 
suspensions, which would not oxidize L-tyrosine, did oxidize p-tyrosine with 


TaBLe III 
Formation of 4-Fumarylacetoacetic and Acetoacetic Acids from Homogentisic 
Acid in Rat Kidney Preparations 
20.0 um of homogentisate added. Incubation time, 1 hour. 














4-Fumaryl- 
Preparation type “~——e O2 acetoacetic,  - 
BM MM BM 
Particle-free supernatant from homogenate 18.8 10.9 7.0 
19.1 11.0 7.0 
30% ethanol fraction pptd. from above prep- 19.1 18.3 
aration 19.2 18.4 








an oxygen uptake of 4 atoms per mole and Heinsen’s observation (8) that 
p- and not L-tyrosine was ketogenic in guinea pig kidney slices strongly 
suggest that the transamination of L-tyrosine did not occur in their prepara- 
tions but that the p-hydroxyphenylpyruvic acid resulting from the oxi- 
dative deamination of p-tyrosine was oxidized. 

Accordingly, L-tyrosine was incubated with our particle-free prepara- 
tions of rat kidney and liver supplemented with a-ketoglutarate and as- 
corbate. The conditions of incubation differed slightly from those of Knox 
and LeMay-Knox (10) in that the homogenates were made more concen- 
trated (equal parts of tissue and buffer) and dialysis was omitted since we 
found that it reduced the activity of liver preparations somewhat. The 
results of two experiments are shown in Fig. 1 in which the microliters of 
increased oxygen uptake due to the addition of tyrosine to particle-free 
preparations of liver and kidney are compared. In these experiments 
I-tyrosine was oxidized by kidney at a slow but measurable rate (10 per 
cent of the rate obtained with liver). Although the liver preparations 
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consumed 4 atoms of extra oxygen per mole of added tyrosine, it was im- 
possible to demonstrate this in the kidney system, owing to a cessation of 
enzymatic activity after’3 hours of incubation. However, the results in 














20 40. 60 80 100. 120 140 
MINUTES 

Fig. 1. Comparison of L-tyrosine oxidation by particle-free preparations of rat 
kidney and liver supplemented with a-ketoglutarate and ascorbate. The oxygen 
uptake represents the difference between values obtained with and without the in- 
clusion of L-tyrosine. Curves L and K refer to liver and kidney, respectively. The 
subscripts refer to two experiments, each involving a group of three rats. The hori- 
zontal dash line represents the theoretical O2 uptake if 4 atoms of oxygen are used 
per mole of added tyrosine. 


Table IV indicate that this extra oxygen uptake was specific for the con- 
version of tyrosine to acetoacetate, since it was largely accounted for by 
the production of §-keto acids. These 8-keto acids were almost com- 
pletely decarboxylated in 12 minutes in the presence of aniline citrate at 
38° and therefore consisted mainly of acetoacetic acid. In parallel ex- 
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periments (Table IV) the accumulation of some 4-fumarylacetoacetic acid 
was demonstrated. 

In an attempt to eliminate the 4-fumarylacetoacetic acid hydrolase from 
the kidney system and thus obtain large yields of 4-fumarylacetoacetic 
acid from tyrosine, a fraction which precipitates between 30 and 75 per 
cent saturation with (NH,4).SO, at pH 7.5 was prepared. The results 
(Experiment 6, Table [V) show that the yield of 4-fumarylacetoacetic acid 

















TaBLe IV 
Products of u-Tyrosine Oxidation in Particle-Free Preparations of Rat Kidney 
Total 8-keto acids formed | 
Experiment No. O2 uptake* amare PORTER. SSP Xi), _— — joe 
Observedt ee Oz 
ee ee - , ee uM : a uM <<" 
1 4.8 2.1 2.4 
5.7 2.8 1.2 
2 10.1 4.2 5.0 
3 10.0 4.0 5.1 
4 v.48 3.8 1.2 
5 7.9 4.0 1.0 
6§ 7.6 3.8 1.9 
7.1 3.6 1.8 





* Corrected for control without substrate. 

{In these estimates the results obtained with tyrosine-containing vessels were 
compared with those of the corresponding control vessels from which tyrosine had 
been omitted in order to correct for any CO:2 evolved from dehydroascorbiec acid 
formed during the incubation. 





| 
| 
| 
| 
| 
| 


{Calculated by assuming that for every 4 atoms of oxygen utilized a mole of 
8-keto acid is formed. 


§ Enzyme precipitated between 30 and 75 per cent saturation with (NHj,) SO, 
from a particle-free preparation of rat kidney. The incubations were modified 
only by the inclusion of 50 y of pyridoxal phosphate in the medium. 


was almost doubled, but that the hydrolase activity, although reduced, had 
not been completely eliminated. 

A typical experiment in which the activity of a kidney homogenate be- 
fore and after centrifuging the particulate matter is compared is shown in 
Fig. 2. It may be seen that, initially, the whole homogenate showed a 
slightly higher activity toward L-tyrosine (in terms of oxygen uptake), but 
that this higher initial rate declined early in the incubation and fell below 
that obtained with the particle-free system. Furthermore, it is reasonable 
to assume that this small difference does not represent an increased initial 
tate of conversion of L-tyrosine to acetoacetate but rather an increase in 
the number of atoms of oxygen used per mole of tyrosine oxidized, since 
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both acetoacetate and fumarate are oxidized by whole kidney homogenates 
but not by particle-free preparations. Consequently, we have concluded 
without further study that the system converting L-tyrosine to acetoace- 


180 











160 + 


140 5 


120 4 


100 + 


pl.Oo 


80 - 


60 - 


40+ 


20° 








20. 40 60 80 100 120 140 
MINUTES 

Fic. 2. Comparison of L-tyrosine oxidation by whole homogenates and particle- 
free homogenates of rat kidney and effect of a-ketoglutarate and ascorbate. Curve 
1, particle-free homogenate with a-ketoglutarate and ascorbate; Curve 2, whole 
homogenate with a-ketoglutarate and ascorbate; Curve 3, particle-free homogenate 
with a-ketoglutarate; Curve 4, particle-free homogenate with ascorbate. The 
ordinate represents the difference between values for oxygen uptake obtained with 
and without the inclusion of L-tyrosine. The results were obtained with the pooled 
kidneys of three rats. 


tate and fumarate in homogenized rat kidney is in the “‘non-particulate” 
fraction of the homogenate. This does not rule out the possibility, how- 
ever, that an enzyme which is not rate-limiting in this conversion can be 
present in significant amounts in the particulate fraction. 

The dependency of t-tyrosine oxidation on supplementation of the par- 
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ticle-free preparations with a-ketoglutarate and ascorbate is also shown in 
Fig. 2. In addition, it was found that pyridoxal phosphate did not in- 


crease the oxygen uptake and that the reaction proceeded almost twice as 
rapidly in air as it did in oxygen. 


DISCUSSION 


It is of interest that the homogentisic acid oxidase activity of the various 
rat tissues studied here parallels their ability to hydrolyze synthetic 2 ,4- 
diketonic acids (12). In both instances the activity is confined to liver 
and kidney. The 2,4-diketonic acid hydrolase is presumably identical 
with the enzyme which has been shown to hydrolyze 3 ,5-diketohexanoic 
acid in liver and kidney (13-15) and 4-fumarylacetoacetic acid in rat liver 
(5) and rat kidney. 

The results are inconsistent with data in the literature, indicating that 
homogentisic acid might be oxidized by skeletal, smooth, and heart muscle. 
Bernheim and Bernheim (16) observed the disappearance of aromatic hy- 
droxyl groups when L-tyrosine was incubated with slices of various rat 
tissues and found evidence that, in addition to liver and kidney, skeletal 
and smooth muscle but not heart muscle could break the aromatic ring. 
Conversely, Heinsen (17), in the study of amino acid oxidation by guinea 
pig tissue slices, found L-tyrosine to be oxidized to acetoacetic acid in heart 
and liver, but not in kidney, muscle, spleen, stomach wall, brain, or lung. 
We have been unable to demonstrate homogentisic acid oxidation in guinea 
pig heart homogenates. 

Our results indicate that the process by which L-tyrosine is converted to 
acetoacetate in rat kidney is apparently the same as the well established 
pathway for rat liver (5, 9, 10, 18-22) for the following reasons: (a) a-keto- 
glutarate is required for the reaction to proceed, suggesting that an initial 
transamination step is obligatory as it is in liver (9, 10); (b) ascorbate, a 
cofactor for p-hydroxyphenylpyruvic acid oxidation in rat liver (10), mark- 
edly stimulates L-tyrosine oxidation in rat kidney; (c) homogentisic acid 
oxidase and 4-fumarylacetoacetic acid hydrolase, which are involved in 
the conversion of tyrosine to acetoacetate in liver (10), are both present in 
tat kidney; and (d) 4-fumarylacetoacetic acid is a product of L-tyrosine 
oxidation in rat kidney. 

The enzyme system in rat kidney is also similar to the liver system in 
its apparent intracellular distribution. It should be emphasized that the 
activity of rat kidney is relatively low in comparison to liver. 


SUMMARY 


Homogentisic acid oxidase activity has been demonstrated in rat kidney 
but not in rat skeletal and cardiac muscle, brain, spleen, intestine, pancreas, 
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salivary glands, germinal epithelium, and blood. It is present in pigeon 
liver, pigeon, rabbit, and guinea pig kidney, but not in guinea pig heart, 

Clear solutions prepared by high speed centrifugation of rat kidney 
homogenates oxidize homogentisic acid to 4-fumarylacetoacetic acid which 
is then hydrolyzed to yield acetoacetic acid. When supplemented with 
a-ketoglutarate and ascorbate, these preparations oxidize L-tyrosine to 
4-fumarylacetoacetic acid. 

It is concluded that L-tyrosine is slowly converted to acetoacetate in 
kidney by the same mechanism found in liver. 


Addendum—Since this work was completed, the unpublished work of W. E. Knox 
and S. W. Edwards has come to our attention in which 4-maleylacetoacetate has 
been identified as the immediate precursor of fumarylacetoacetate when homogen- 
tisic acid is oxidized by liver enzymes. Our conclusions are not altered, since equal 
values are obtained with both compounds for the rate of CO2z evolution in the presence 
of aniline citrate at 38° and for the intensity of color developed with the o-phenylene- 
diamine reagent (personal communication from Dr. W. E. Knox). It should be 
pointed out, however, that the values for fumarylacetoacetate reported here are 
actually those for the equivalent amount of 3,5-diketonic acid present which may be 
either fumaryl- or maleylacetoacetate or a mixture of the two isomers. 
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THE BIOSYNTHESIS OF VALINE BY SACCHAROMYCES 
CEREVISIAE* 


By I. ROSABELLE McMANUSt 


(From the Department of Biochemistry, Yale University, New Haven, Connecticut, 
and the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, December 7, 1953) 


The biological origin of the carbon skeleton of the branched chain 
amino acids in microorganisms has been investigated by several workers. 
Tatum and Adelberg (-1), with a valine-isoleucine auxotroph of Neurospora 
crassa, demonstrated that both carbon atoms of acetate are incorporated 
into dihydroxy acid precursors of isoleucine and valine in such a manner 
as to suggest that the carbon chains of both valine and isoleucine result 
from the interaction of 3 molecules of acetic acid. Ehrensvird and co- 
workers investigated the distribution of isotope in a number of amino acids 
isolated from the protein of Torulopsis utilis (2) and Escherichia coli (3) 
which had been grown on C"H;C“OOH as the principal carbon source. 
They found that the isopropyl group of valine was derived entirely from 
the methyl group of acetate in a manner precluding the direct condensa- 
tion of acetyl units to form the valine skeleton. Gilvarg and Bloch (4) 
studied the utilization of doubly labeled acetic acid for the synthesis of 
amino acids in yeast which had been grown in the presence of labeled 
acetic acid with unlabeled glucose as the principal carbon source. Under 
conditions in which acetate was incorporated into the members of the 
tricarboxylic acid cycle, but did not give rise to labeled glucose, acetate 
appeared to be used for the synthesis of valine via an apparently indirect 
pathway, since the level of isotopic carbon appearing in valine was low. 

Since these earlier investigations permitted no definite conclusions with 
regard to the origin of valine, it appeared of interest to study the contribu- 
tion of acetate and glucose in this biosynthetic process in greater detail. 
C*Sodium formate was also tested for its possible contribution to the 
valine molecule. Valine isolated from the labeled yeast protein was de- 
graded and the distribution of isotopic carbon was determined. 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service, the Nutrition Foundation, Inc., and 
from the Rockefeller Foundation. 

t Postdoctoral Research Fellow of the National Institutes of Health, United 
States Public Health Service, 1951-52. Present address, Department of Biochem- 
istry, Yale University, New Haven, Connecticut. 
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SYNTHESIS OF VALINE BY YEAST 


EXPERIMENTAL 


The test organism, Saccharomyces cerevisiae, was grown in the presence 
of C“H;C"OOH and C"-1-glucose plus CH;C"OOH in the manner de. 
scribed by Gilvarg and Bloch (4, 5). Experiments with yeast grown on 
CH;C“OOH and C"-sodium formate were carried out with a similar tech- 
nique. After 48 hours growth, the yeast from 2 liters of medium was 
centrifuged and the cells were extracted with alcohol-ether; the yeast 
proteins were precipitated and hydrolyzed as described by Gilvarg and 
Bloch (4). The protein hydrolysate was chromatographed on a column 
of Dowex 50, hydrochloric acid being used as the eluent, according to the 
Stein and Moore procedure (6). The valine fraction was collected and 
dried in vacuo and dissolved in 3 ml. of water, and the solution was passed 
through a Duolite A-2 anion exchange column to remove the chloride. The 
eluate was concentrated to dryness and the residue was recrystallized twice 
from alcohol-water. The crystalline valine was then dried in vacuo over 
P.0;. The purity of the amino acid was checked by one-dimensional 
filter paper chromatography and by microbiological assay (7). The yields 
of valine from the four separate experiments were as follows: C'*-1-glucose 
plus CH;C"OOH, 73 mg.; C“H;C"OOH, 51.2 mg.; CH;C“OOH, 40 mg,; 
HC“OONa, 55 mg. 

Degradation of Valine—After suitable dilution with unlabeled amino 
acid, the specific activity of the valine was determined by combustion to 
carbon dioxide. An aliquot of valine was decarboxylated by reaction with 
ninhydrin according to the procedure of Virtanen and Rautanen (8) to 
yield the carboxyl carbon as CO.. The isobutyraldehyde resulting from 
the ninhydrin oxidation was distilled and trapped as the 2 ,4-dinitrophenyl- 

. hydrazone and burned to COs, giving the radioactivity in carbons 2, 3, 
4, and 4’ of valine. A second fraction of isobutyraldehyde from the nin- 
hydrin oxidation was oxidized at room temperature to isobutyric acid by 
an equimolar amount of alkaline permanganate. This was followed by a 
Schmidt degradation, according to the procedure described by Phares (9), 
to yield carbon 2 as COs. 

Another aliquot of valine was oxidized by chromic acid — to 
the method of Fromageot and Mourgue (10) to yield acetone, represent- 
ing carbons 3, 4, and 4’. A fraction of the acetone, precipitated as the 
mercury-acetone complex by passage through a boiling solution of mercuri¢ 
sulfate (11), was oxidized by wet combustion to CO». For analysis of the 
methyl groups of the acetone representative of carbons 4 and 4’ of valine, 
the mercury-acetone complex was decomposed by addition of hydrochlorie 
acid, and, after distillation, the acetone was converted to iodoform. Car- 
bon 3 was obtained by calculating the difference between the activity of 
the acetone and the activity of the iodoform. The degradation is sum- 

marized as in the accompanying diagram. 
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CO, (all carbons) r—— CO: (carbons 2, 3, 4, 4’) 
Total combustion total combustion 
Ninhydri 

Valine nt CO, (C-1) + isobutyraldehyde 

CrO; alkaline KMnO, 

— isobutyric acid 
Asstone (carbone 3, 4, 4’) | Schmidt reaction 

NaOlI CO, (C-2) + propyl- 

amine (not iso- 

Iodoform (carbons 4, 4’) + acetic lated) 


acid (not isolated) 


Isotope Analysis—All samples were converted to CO, when not so ob- 
tained in the degradation, either by wet combustion according to the 
Van Slyke-Folch method (12) or by ignition in a stream of oxygen in a 
microcombustion apparatus. The samples were counted as barium car- 
bonate with a gas flow counter for a length of time sufficient to give a prob- 
able error of less than 3 per cent. All counts were corrected for thickness 
according to Reid (13), and the results are given as counts per minute of 
infinitely thick samples of barium carbonate. For C" determinations, the 
barium carbonate samples were converted to CO, in a vacuum system as 


described by Rittenberg (14), and the isotope concentrations were deter- 
mined in a mass spectrometer. 


Results 


Table I summarizes the intramolecular isotope distribution in valine 
isolated from yeast grown on 1-C®, 2-C-acetate (Experiment 1) or on 
C“.1-glucose plus CH;C"OOH (Experiment 2). 

From Experiment 1 it is seen that C was found only in the carboxy] 
group of valine, showing that the carboxyl group of acetate contributes 
only to the formation of the carboxyl group of the amino acid. The 
methyl carbon of acetate contributes to carbon 2 and to the isopropyl 
group of valine, with relatively greater incorporation in the isopropyl 
group than in carbon 2. These distributions are summarized in terms of 
the percentage of total activity of the valine molecule in Table I. It may 
be noted that, in Experiment 1, carbon 1 has 89.3 per cent of the total C® 
of the molecule. The remaining C" was not accounted for in the rest of 
the molecule. This left open the possibility that this small amount of C® 
might be present in another carbon atom of valine and might have been 
undetected due to limitations of the experimental procedure. This was 
checked by isolating and degrading valine from yeast grown in the presence 
of CH,C“OOH (specific activity of 13,200 c.p.m.). Valine from this ex- 
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periment was burned and found to have a specific activity of 640 ¢.p.m, 
Carbon 1 was obtained by reaction with ninhydrin, giving a specific ae. 
tivity of 2958 c.p.m. Isobutyraldehyde was isolated as isobutyraldehyde. 
2 ,4-dinitrophenylhydrazone and, after purification, burned. No activity 
was found in this fraction representative of carbons 2, 3,4, and 4’. There. 
fore, all of the C™ activity is confined to carbon 1. This result agrees with 
the distribution reported by Ehrensvird et al. (2, 3) in valine obtained 
from T. utilis and E. coli. 


TABLE [ 


Distribution of Isotope in Valine Obtained from Yeast Grown on C“%H;C800H 
and C'4-1-Glucose plus CH;C“800H 














| ps 
Experiment 1. C“H;C“00H Expe mt woo + 


cu Cc | cu cs 





| Specific | Distri- |Specific | Distri- |Specific | Distri- | Specific} Distri- 
| activity |bution® |activity |bution* |activity|bution* | activity | bution* 


| | 











atoms | atoms 
c.p.m. \per cent |per cent per cent | c.p.m. | per cent per cent | per cent 
excess | excess 


Initial acetate....... ... . {23,000 10.4 | 10.4 


—* _ aepemer 0.70 800 3.15 

Initial glucose... .. “aid | 810 | 

Valine... .... | 738 0.103 | 815 0.085 
| 


Isobutyraldehyde dinitro- | 
| 408 | 





phenylhydrazone .. aa | 100 
—COOH (carbon 1)........| 126 | 3 | 0.460, 89.3 | 55 | 3 | 0.425) 100 
Carbon 2. ........ aTereerrre oe, SE. 0 0 oF 0 | Of 0 
etme. Sea PD ....| 1,2374| 33.6 | Of 0 846¢| 21 | Of 0 
‘ Acetone (carbons 3, 4, 4’)... 983 | 80 | 0 0 1320 97 | 0 0 
Iodoform (carbons 4, 4’)....| 856 | 46.4 | 0 0 | 1557) 76/0 0 





* Percentage distribution of isotope in valine. 
t Value calculated by difference. 


It is of interest that carbon 1 of glucose does not contribute to carbon 2 
of valine, as shown in Experiment 2, Table I. Since, in Experiment |, 
carbon 2 of valine contained 19 per cent of the total C™ of the molecule, it 
appears that carbon 1 of glucose is used for valine synthesis in a different 
way than is the methyl carbon of acetate. Carbon 1 of glucose contributes 
primarily to the synthesis of the isopropyl group of valine, with 97 per 
cent of the total activity of the molecule accounted for here. The ter- 
minal methyl carbons contain 76 per cent of this activity with the re 
mainder accounted for in carbon 3. Attention may be drawn to the 
marked difference between the per cent of the total C™ present in carbons 
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4and 4’ in Experiment 1, as compared to that in Experiment 2. These 
results, together with the marked difference in incorporation of carbon 
into the carbon 2 of valine, make it most probable that the valine molecule 
js not derived primarily from acetyl units, and require consideration of 
another biosynthetic path. 

A fourth experiment, in which valine was isolated from yeast grown on 
(“sodium formate, was performed in order to test the possibility that the 
terminal methyl carbons might be at least in part derived from formate. 
The yeast was grown in 2 liters of medium containing 100 gm. of unlabeled 
glucose and 20 mm of sodium formate with a total activity of 50 yc. as the 
sole carbon sources. The isolated valine had a specific activity of 50 
¢p.m., while serine, isolated to check the utilization of formate by the 
yeast, had a specific activity of 8400 c.p.m. Thus, formate failed to con- 
tribute to the synthesis of valine, although it was utilized for the synthesis 
of yeast protein. It is unlikely, therefore, that a 1 carbon unit of the nature 


of a formyl group is involved in the synthesis of the isopropyl group of 
valine. 


DISCUSSION 


It appears from these data that the utilization of glucose for valine syn- 
thesis cannot be attributed to the intermediary formation of acetyl units. 
For example, from the known glycolytic pathway in yeast, C'*-1-glucose 
would be expected to give rise to acetyl groups labeled in the methyl] car- 
bon. If carbons 1 and 2 of valine were derived from an acetate unit, as sug- 
gested by Tatum and Adelberg (1) for valine synthesis in N. crassa, carbon 
1 of glucose should appear in carbon 2 of valine, in contrast to the find- 
ings reported in this communication. Further, from the data of Experi- 
ment 1 it can be calculated that the conversion of the carboxyl carbon of 
acetate to carbon 1 of valine is greater (2.3 per cent) than is the conversion 
of the methyl group of acetate to carbon 2 of valine (1.4 per cent). There- 
fore, under the conditions of these experiments, acetate is not used as a 
unit for the synthesis of carbons 1 and 2 of valine. Finally, the failure of 
the carboxyl carbon of acetate to appear in carbon 3 of valine argues 
against the suggestion that the carbon skeleton of valine is synthesized from 
acetyl units exclusively. In general, these conclusions are in accord with 
the recent findings of Strassman, Thomas, and Weinhouse (15), who found 
that the methyl carbon of acetate was equally distributed in the carbon 
skeleton of valine isolated from the protein of T. utilis. The carbon 1 of 
glucose contributed only to the terminal methyl carbons of valine. These 
results, together with the observation that carbon 2 of lactate was well 
utilized for synthesis of carbons 2 and 3 of valine, led to the hypothesis 
(15) that valine is synthesized by a condensation of a C3 and a C, unit 
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derived from pyruvate in a manner analogous to the formation of aceto. 
lactic acid (16). A migration of a methyl group is assumed to occur bya 
pinacol-like rearrangement to form dimethylpyruvic acid, which is then 
aminated to yield valine. 


SUMMARY 


Valine was isolated from yeast grown on media containing CH;C“OOH, 
C™-1-glucose plus CH;C"OOH, CH;C“OOH, and C"-sodium formate, with 
glucose as the principal carbon source. Valine was degraded and the dis- 
tribution of the isotope was determined. 

It was found that the carboxyl carbon of acetate contributed exclusively 
to the carboxyl carbon of valine, while the methyl carbon of acetate was 
incorporated to an unequal extent in the remaining carbons of valine. 
Carbon 1 of glucose was utilized for the synthesis of the isopropyl carbons 
of valine, but failed to contribute to carbon 2 of the amino acid. Formate 
was not used for synthesis of valine. 


The author wishes to express her thanks to Dr. Konrad Bloch for his 
generous assistance and valuable suggestions offered in the course of this 
work. 
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PURIFICATION OF AMINE OXIDASE FROM BEEF 
PLASMA* 


By CELIA WHITE TABOR, HERBERT TABOR, anv 
SANFORD M. ROSENTHAL 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 14, 1953) 


Numerous investigators have studied monoamine oxidase since it was 
first described (2) in 1928. The literature has recently been reviewed by 
Blaschko (3) and Zeller (4). Monoamine oxidase has usually been con- 
sidered as a single enzyme (5), but some authors (Werle and Roewer (6) 
and Alles and Heegaard (7)) have presented evidence indicating that these 
preparations contained more than one type of amine oxidase activity. All 
of these studies, however, have been carried out with relatively crude prep- 
arations, since monoamine oxidase is associated with particulate material 
and has resisted efforts to purify it. Although many tissues were found 
to contain this activity, liver preparations have been most commonly used. 
Amine oxidase activity has been reported to be present in dog blood by 
Werle and Roewer (6), but has usually been considered to be absent in 
the blood of other species (3). Although Hirsch (8) reported the oxida- 
tion of spermine and spermidine by beef and sheep serum, no significant 
activity was observed with those monoamines and diamines tested. 

In the present work a soluble amine oxidase has been purified 150- to 200- 
fold from steer plasma; the enzyme oxidatively deaminates a variety of 
amines with the stoichiometric formation of the corresponding aldehydes, 
ammonia, and hydrogen peroxide. The substrate and inhibitor specific- 
ities of this enzyme differ markedly from those described for the liver prep- 
arations. 


Materials 


The various amines and aldehydes were obtained from commercial 
sources. Spermine hydrochloride was obtained from Hoffmann-La Roche 
and Company and L. Light and Company, Ltd. A sample of synthetic 
spermidine phosphate was kindly supplied by Dr. H. Schultz of the Univer- 
sity of Miami. Recrystallized pyridoxamine and pyridoxamine phosphate 
were kindly supplied by Dr. E. Peterson and Dr. A. Meister. Crystalline 


*A preliminary report on this work was presented at the meeting of the American 


Society for Pharmacology and Experimental Therapeutics, New Haven, September 
7, 1958 (1). 
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catalase was obtained from the Worthington Biochemical Corporation and 
freed from ammonium sulfate by dialysis against 0.002 m phosphate buf. 
fer, pH 7.2. Calcium phosphate gel (9), aged 4 to 10 months, contained 14 
mg. of dry weight per ml. Saturated ammonium sulfate solutions were equi- 
librated at room temperature (25-30°) and contained approximately 53 
gm. of ammonium sulfate per 100 ml. of solution (approximately 4 m). 


Methods 


Manometric experiments were carried out in a conventional Warburg ap- 
paratus at 37.3°; the gas phase was air. Spectrophotometric measurements 
were made in a Beckman model DU spectrophotometer (with photomul- 
tiplier attachment) at 30° in cuvettes with a 1 cm. light path. Amine ozi- 
dase activity was measured as described below. Catalase activity was 
measured according to Sumner and Somers (5). Ammonia was deter- 
mined colorimetrically with Nessler’s solution after distillation in Conway 
dishes, with saturated sodium borate for alkalization (10). Spermine and 
spermidine were determined by an unpublished method of Rosenthal; the 
details of this procedure (involving coupling with diazotized p-nitroaniline) 
will be published separately. Protein was determined by measuring the 
absorption at 280 my (11). Conductivity determinations were made with 
a Barnstead purity meter PM-2 and were used to check the salt concentra- 
tion in all ammonium sulfate fractionations; the solutions were diluted 
1:50,000 in water, and the conductivity readings were compared with those 
of similar dilutions of a standard ammonium sulfate solution (12). 


Resulis 


Enzyme Assay. Manometric Units—The incubation mixture contained 
‘0.2 ml. of 0.2 m potassium phosphate buffer (pH 7.2), 0.05 unit of catalase, 
and enzyme in a volume of 2.4 ml. After equilibration, 6 um (0.1 ml.) of 
spermine hydrochloride (adjusted to approximately pH 7) were added 
from the side arm. The initial rate of oxygen consumption was measured 
and expressed as microliters of oxygen consumed per 10 minute period. 1 
unit of enzyme activity was defined as the amount of enzyme catalyzing 
the consumption of 1 ul. of oxygen per 10 minutes. Usually the assays 
were carried out with 20 to 30 units of enzyme per Warburg flask. The 
specific activity was defined as units of enzyme per mg. of protein. Mano- 
metric units are used in this paper unless otherwise indicated. 
Spectrophotometric Units—Although the manometric assay was used in 
following the purification reported in Table I, a spectrophotometric assay 
was used in other experiments and found to be more convenient. The 
spectrophotometric assay was based on the difference between the molar 
extinction coefficients of benzylamine and benzaldehyde at 250 my (Fig. 
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1). The incubation mixtures contained 200 um of potassium phosphate 
buffer (pH 7.2), 10 um of benzylamine, and enzyme in a total volume of 3 
ml. 1 spectrophotometric unit was defined as the amount of enzyme cata- 
lyzing an increase of 0.001 per minute in the optical density reading at 250 
mg. 1 manometric unit was approximately equivalent to 10 spectrophoto- 
metric units. The proportionality of this assay to enzyme concentration 
is shown in Fig. 2. Other amines, such as furfurylamine and p-(amino- 
methyl)sulfanilamide (homosulfanilamide) could also be used for this pur- 
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Fic. 1. Molar extinction coefficients of furfural and benzaldehyde compared with 
the corresponding amines. Optical density measurements were carried out on 
5X 10-° m solutions of furfural and benzaldehyde and on 10~ M solutions of furfuryl- 
amine and benzylamine. All reagents were redistilled prior to use. Dilutions were 
made immediately before the spectrophotometric reading to avoid autoxidation. 


pose (Figs. 1,2, and 5). Both the manometric and the spectrophotometric 
assays gave essentially the same results when used to follow the purifica- 
tion of the plasma enzyme. 

Benzylamine and homosulfanilamide were also degraded by liver amine 
oxidase (2-4, 7), and in other experiments we have found the spectrophoto- 
metric method also applicable for studies with liver preparations. Crude 
calf liver homogenates contained 6 spectrophotometric units per mg. of 
protein, as compared with 2.2 units per mg. in citrated beef plasma. In 
comparable manometric experiments with the liver preparations, benzyl- 
amine was rapidly attacked; essentially no oxygen consumption was found, 
however, with spermine as the substrate. 

Enzyme Purification (Table I). Step A—Steer blood, collected at the 
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slaughter-house, was immediately treated with $ volume of a citrate solu- 
tion, which contained 8 gm. of citric acid and 26.7 gm. of sodium citrate. 
5.5H.O per liter (13). The citrated blood was centrifuged at 2000 r.p.m. 
for 30 minutes, and the plasma was collected. In other preparations serum 
was used instead of plasma, with essentially the same results. All sub- 
sequent steps were carried out at 0-3°. 

Step B—To 13,600 ml. of plasma, 7300 ml. of saturated ammonium sul- 
fate were added (final concentration approximately 1.4 m); the solution 
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Fia. 2. Proportionality of enzyme activity to enzyme concentration. The incu- 
' bation mixtures contained 200 um of potassium phosphate buffer (pH 7.2), enzyme 
(indicated by the numerals on the chart in ml.), and 10 um of substrate in a final 
volume of 3.0 ml. The incubations. were carried out at 30°. The enzyme solution 
(Step D) contained 1.1 mg. of protein per ml. 


was cooled to 0-3°, and the precipitate was removed by filtration through 
a fluted filter paper. To the filtrate 13,100 ml. of saturated ammonium 
sulfate were added (final concentration approximately 2.4 m). The pre- 
cipitate was collected by filtration, and dissolved in water (final volume 
3100 ml.). 

This solution was then refractionated with ammonium sulfate. Con- 
ductivity measurements indicated that the solution was already 26 per 
cent saturated (approximately 1 m), and 1000 ml. of saturated ammonium 
sulfate were added to achieve a final ammonium sulfate concentration 
of 1.8. The precipitate was discarded after filtration, and 2000 ml. of 
saturated ammonium sulfate were added to give a final concentration of 
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approximately 2.5 m. The precipitate was dissolved in 900 ml. of water. 
The solution was dialyzed against three changes of 0.01 m sodium acetate 
(total of 18 liters) to reduce the ammonium sulfate concentration to <0.02 
u. Since inadequate dialysis caused poorer fractionation in the next steps, 
the efficiency of the dialysis was checked by conductivity measurements. 

Step C—The dialyzed solution, divided into 50 ml. portions, was heated 
rapidly (1 to 2 minutes) to 65° with stirring and maintained at this tempera- 
ture for 10 minutes. Usually no precipitate developed, and the solution 
was immediately cooled to 0°. 

Portions (400 ml.) were then fractionated with ethanol at 0° after the 
addition of 40 ml. of 0.1 m MnCl, to each. With mechanical stirring 200 
ml. of cooled (— 10°) 25 per cent ethanol were added over a period of 5 to 


TABLE I 
Purification of Amine Oxidase from Steer Plasma 

















Step Total volume | Total units* Specific activity 
ot. — ae 
A. Original. ... , ant 13,600 180,000 0.22 
B. Ammonium sulfate. . 5 praeatee 1,440 108 ,000 2.3 
C. Aleoholff.... ov : be yn? 117 42,000 16 
D. Calcium phosphatef............... 1,639 35,000 33 





*Manometric units = microliters of O2 per 10 minutes. 

t As indicated in the text, these steps were carried out on aliquots; the data given 
here represent the total units obtained for all the aliquots. 

t Including heating step. 


10 minutes, while keeping the temperature of the solution at 0°. The pre- 
cipitate was collected by centrifugation for 15 minutes at 4000 X g ina re- 
frigerated centrifuge (Precipitate I). In a similar manner additional pre- 
cipitates were collected after the following successive additions! of alcohol: 
100 ml. of 25 per cent ethanol (Precipitate IT), 100 ml. of 25 per cent etha- 
nol and 20 ml. of absolute ethanol (Precipitate III), 100 ml. of absolute 
ethanol (Precipitate IV), 80 ml. of absolute ethanol (Precipitate V), and 
110 ml. of absolute ethanol (Precipitate VI). Each precipitate was dis- 
solved in approximately 35 ml. of cold water. The fractions showing the 
big specific activities (usually Precipitates [IV + V) were then com- 
ined. 


‘Although most of the inert protein was precipitated in the early fractions, at- 
tempts to shorten the above procedure by precipitating all these early fractions 


together gave poorer results, owing to coprecipitation of the enzyme activity with 
the bulky precipitate. 
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Portions (57 ml.) of these combined alcohol fractions were refractionated 
with ethanol at 0° after the addition of 5.7 ml. of 0.1 m MnCl». — Precipi- 
tates were collected after the following successive additions of cooled abso- 
lute ethanol: 3.0 ml. (Precipitate I), 2.0 ml. (Precipitate II), 1.8 ml. (Pre. 


TABLE II 
Relative Rates of Oxidation of Various Substrates by Plasma Amine Oxidase* 
The incubation mixtures contained 0.2 ml. of 0.2 m potassium phosphate buffer, 
pH 7.2, 25 to 50 units of amine oxidase, catalase, and 6 um of substrate in a total 
volume of 2.5 ml. KOH was present in the center well. The initial rates are ex. 
pressed as the oxygen consumption (microliters) in 10 minutes per 10 manometric 
units of enzyme (7.e., spermine rate = 10). 



































Relative rate Relative rate 
Substrate Crudet | Purifiedt Substrate Crudet | Purified} 
Monoamines Monoamines—continued 
Ethyl- +§ Tryptamine + 
Propyl- 2.0 Epinephrine|| + 
Butyl- 6.8 3.6 Norepinephrine oa 
Amyl- 3.3 Serotonin + 
Hexyl- 5.3 Agmatine = 
Heptyl- 8.1 5.9 Homosulfanilamide 5.1 
Octyl- 3.1 | Diamines 
Decyl- 3.3 Ethylene- + 
Dodecyl- 4.4 Trimethylene- + 
Octadecyl- + Tetramethylene- tt 
Benzyl- 5 4.8 Pentamethylene- + 
Phenylethyl- 2.3 Hexamethylene- + 
Furfuryl- 3.6 Decamethylene- 4.2 4.0 
N-Methylbenzyl- + Histamine + 
amine Polyamines 

Trimethyleneimine = = Spermine 10 10 
Tyramine 0.8 Spermidine 10 5.7 
Mescaline 1.0 | Amino acid 

| Lysine | + 





* The oxidative deamination of most of these amines in liver preparations has 
been studied by numerous investigators. These results are summarized in the re- 
views by Zeller (4) and Blaschko (3). 

{ Citrated steer plasma. 

t Step D, purified 175 times. 

§ + indicates 0 to 0.1. Essentially the same results were found with these sub- 
strates when tested with a 5-fold increase in substrate concentration. At the con- 
clusion of the experimental period, 6 um of spermine were added; there was an im- 
mediate oxygen consumption, indicating that the enzyme was still active. 

| Essentially no oxygen consumption (above the blank) was found at pH 7.7 or 
at pH 6.1, as well as at pH 7.2, or when 30 um of substrate were used instead of 6 
uM. The same results were obtained when the epinephrine incubation mixture con- 
tained 10 um of ethylenediaminetetraacetate in order to reduce the blank. 
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cipitate III), 2.5 ml. (Precipitate IV), and 2.5 ml. (Precipitate V). The 
yarious precipitates were each dissolved in approximately 20 ml. of cold 
water and assayed. The fractions showing the highest specific activities 
(usually Precipitates III + IV) were used for Step D. 

Step D—6 ml. portions of the enzyme solution from Step C were treated 
with 21 ml. of calcium phosphate gel. The gel was collected by centrif- 
ugation and eluted with 42 ml. of 0.01 m K,HPO,. 

Most of the studies were carried out with enzyme fractions from Step 
Cor D. Frequently, material carried through Step C was lyophilized and 
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Fic. 3. Effect of pH on enzyme activity with spermine and with benzylamine as 
substrates. The incubation mixtures contained 40 um of buffer, 6 um of substrate, 
catalase, and enzyme (Step D) in a final volume of 2.5ml. The initial rates of oxygen 
consumption were measured and expressed as microliters of oxygen per minute per 
ml. of enzyme. ©, potassium phosphate buffer; A, tris(hydroxymethyl)amino- 
methane; @, barbital buffer. 


stored as the dry powder. Although the enzyme preparations (at all 
stages) were stable at ice box temperatures, prolonged storage was usually 
carried out at —15° to —20°. Essentially no loss of activity occurred dur- 
ing the period of observation (1 to 4 months). No activity was sedimented 
when the enzyme (Step C) was centrifuged at 100,000 X g for 1 hour in 
the Spinco preparative centrifuge.? 

Substrate Specificity—The relative rates of oxidation of various sub- 
strates at pH 7.2 are listed in Table II. As indicated in this table, the 
tates of oxidation, relative to spermine, of the various aliphatic amines and 
of benzylamine with the purified preparations were similar to those ob- 
served with the crude preparations. 


*We wish to thank Dr. H. Saroff and Mr. E. Adamik for the use of this centrifuge. 
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The relative rates of oxidation reported in Table II were only valid for 
the conditions listed; i.e. pH = 7.2 and substrate concentration = § 
um per 2.5 ml. Since at this concentration the enzyme was not saturated 
with all of the substrates studied, different ratios were found at other sub- 
strate levels. Changes in pH, likewise, affected the ratiosfound. For ex. 







































Fig. 4. Effect of catalase on benzylamine and spermine oxidation. In the experi- 
ment in A both incubation mixtures contained 0.2 ml. of 0.2 m potassium phosphate 
buffer (pH 7.2), 35 units of amine oxidase (Step D), and 6 um of benzylamine in a total 

‘volume of 2.5 ml. Incubation II also contained 1.0 unit of catalase. Subsequently 
1.0 unit of catalase and 6 um of benzylamine were added to each flask (indicated at 
the arrows). In B the experiment was essentially the same except for 3 uM of sper- 
mine instead of benzylamine. 


7.2 (Table II, Fig. 3). With spermidine, on the other hand, the rate at 
pH 7.2 was 3 times greater than the rate at pH 6.0. With similar concen- 
trations of benzylamine the maximal rate was observed at pH 7.5 (Fig. 2). 
Although we have not extended these pH studies to other amines, similar 
differences in pH optima with a wide variety of substrates had previously 
been reported by Alles and Heegaard (7), using liver amine oxidase prepa- 
rations. The influence of substrate concentrations on these pH effects has 
not been evaluated. 

Stoichiometry. Monoamines—Previous work demonstrated that. liver 
monoamine oxidase catalyzes the oxidation of tyramine and other mono- 
amines to ammonia and the corresponding aldehydes. Although these 
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preparations still contained catalase, indirect evidence demonstrated the 
formation of HO. (2-4, 14-16). HO: has also been shown during the 
oxidation of phenylethylamine by plant preparations (17). 

The data in Fig. 4 and Table III indicate that a similar pathway occurs 
with the substrates degraded by the plasma enzyme. In the absence of 
catalase, the oxidation of monoamines proceeded in accordance with the 
equation R—CH.NH, + Or + H.O — R—CHO + NH; + H2Os>. In 
the presence of catalase, Hx02 — H.O + 430:. In Fig. 4, A, it is shown 
that the oxidation of each micromole of benzylamine in the presence of 
catalase consumed 1 microatom of oxygen. In the absence of catalase 2 


Tase III 
Stoichiometry of Oxygen Consumption and Ammonia Production 
Conditions essentially as in Table IT. 











Substrate | Oz consumption NHs production 
| 
pM microatoms | uM 
n-Heptylamine 6 7 7.4 
Benzylamine. . 10 | 9.3 | 9.5 
Homosulfanilamide.... .. | 6 6.1 | 6.4 
Decamethylenediamine Se ee 6 11.5 13.3 
Spermine. .. 6 | 11.7 23.2" 
Spermidine........... 6 | 


5.2 | 5.0* 





* All the ammonia values were measured by nesslerization after diffusion in 
Conway vessels from a borate buffer. Consequently, the presence of other material, 
which would react like ammonia in this assay, has not been excluded; this may be 
particularly true with spermine and spermidine, for which there is some preliminary 
evidence that an unstable aminoaldehyde may be one of the products of the reac- 
tion (unpublished evidence based on XE64-hydrogen form chromatography). 


microatoms of oxygen were consumed; the formation of hydrogen peroxide 
was shown by the evolution of the calculated amount of oxygen upon the 
subsequent addition of catalase. 0.95 um of ammonia was produced for 
each micromole of benzylamine oxidized. No CO: was produced. Essen- 
tially the same oxygen and ammonia stoichiometry was observed with the 
other monoamines tested (Table III). 

The formation of an aldehyde as a product of amine oxidase action was 
most conveniently shown with benzylamine, homosulfanilamide, and fur- 
furylamine, since the corresponding aldehydes (Fig. 1) have a relatively 
high absorption in the ultraviolet. After oxidative deamination of these 
substrates by the enzyme, the spectral readings indicate over 90 per cent 
conversion to the corresponding aldehydes (Fig. 5). 

Diamines—The only diamine oxidized in the series tested was deca- 
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methylenediamine. For each micromole of the substrate oxidized by the 
enzyme in the presence of catalase, approximately 2 microatoms of oxygen 
were consumed and 2 micromoles of ammonia were produced. 
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Fig. 5. Aldehydes produced by the action of amine oxidase on benzylamine, 
p-(aminomethyl)benzenesulfonamide (homosulfanilamide), and _ furfurylamine. 
The reaction mixtures (volume 2.5 ml.) contained 88 units of enzyme (specific ac- 
tivity, 33 units per mg.), 40 um of phosphate buffer (pH 7.2), 0.05 unit of catalase, and 
either 6 um of benzylamine (A), 5.4 um of homosulfanilamide (B), or 6.4 uM of furfuryl- 
amine (C). These were then shaken in Warburg vessels at 37.2° until the reaction 
was more than 80 per cent completed. The various solutions were diluted 1:25 with 
water, and the optical densities were read immediately in view of the well known 
instability of benzaldehyde. The oxygen consumption values were 5.2 microatoms 
for benzylamine (30 minutes), 5 microatoms for homosulfanilamide (20 minutes), 
and 5.7 microatoms for furfurylamine (22 minutes). The optical densities have been 
corrected for the small blank of a control mixture without substrate. The readings 
indicate the presence of 4.8 um of benzaldehyde in the benzylamine experiment and 
6.9 um of furfural in the furfurylamine experiment. 





Polyamines—1 microatom of oxygen was consumed and 1 uM of ammonia 
was produced per micromole of spermidine oxidized in the presence of 
catalase (Table III). 2 microatoms of oxygen were consumed and 2 4M 
of ammonia were produced per micromole of spermine oxidized in the 
presence of catalase (Fig. 4, B). In the absence of catalase the oxygen 
consumption was doubled; subsequent addition of catalase released approx- 
imately 1 um of oxygen, indicating the presence of H2O2. No CO2 was 
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produced. No spermine disappeared in a helium atmosphere. Hirsch (8) 
has previously reported ammonia production during spermine oxidation by 
crude sheep serum. 

No increase in the rate of oxygen consumption was observed when 
spermine (6 um) and spermidine (6 um) were both added together, although 
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Fic. 6. A and B, effect of substrate concentration on the rate of oxidation of 
benzylamine and homosulfanilamide. The incubation mixtures contained 1 ml. of 
0.2m phosphate buffer (pH 7.2), enzyme (Step D), and substrate in a final volume of 
3.0 ml. The initial rates of aldehyde formation were measured in the spectropho- 
tometer at 250 my and are plotted against the substrate concentration. C, inhibitory 
effect of spermine on homosulfanilamide oxidation. The conditions were the same 
as those in B, except for the addition of spermine hydrochloride; the amount of 
added spermine is indicated by the numerals on the chart in micromoles per ml. 
(final concentration). The reciprocals of the velocity (spectrophotometric units) 
and the substrate concentration (micromoles per ml.) are plotted in the usual Line- 
weaver-Burk (20) representation. 


the final oxygen uptake reached the value expected for the oxidation of 
both substrates. This observation favors the postulation that spermine 
and spermidine are oxidized by the same enzyme. 

Preliminary evidence has been obtained (unpublished experiments) for 
the formation of spermidine as an intermediate in spermine oxidation. 
When the reaction was interrupted after only 50 per cent of the expected 
oxygen uptake had occurred, chromatographic analysis (Amberlite XE64) 
indicated the appearance of both an aldehyde component and spermidine. 
The latter accounted for approximately one-half of the degraded spermine; 
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it was isolated as spermidine hydrochloride® and identified by infra-red 
spectroscopy and x-ray diffraction analysis. When the oxygen uptake was 
permitted to reach completion, spermidine was no longer found. The 


TaBLe IV 
Effect of Various Inhibitors on Spermine Oxidation 
The incubation mixtures contained 0.2 ml. of 0.2 m potassium phosphate buffer, 
pH 7.2, catalase, purified amine oxidase (50 to 100 manometric units), and inhibitor 


in a volume of 2.4 ml. After the preincubation period 6 um of spermine (0.1 ml.) 
were added from the side arm. 









































s § 
as i=] 3 
Substance 33 ye oa 3 Substance 33 —_ Inhibition 
As cc a 
min.| moles per l. fA min.| moles perl.) per cent 
Ephedrine 70 |4 X 10-*| 0 | Dibenamine 109|2 X-10-5| 53 
10 |4 X 10°*| 0 2 X 10-*| 98 
2 X 10°? | 82 2 X 10-3 |100 
4 X 10°? 92 | Quinacrine 70/2 X 10-* | 63 
Benzedrine 136 |4 X 10°? | 0 115|2 X 107? | 68 
Urethane 10 |4 X 10°?| 0 | Trimethylenedi- 36/2 X 10-3 | 60 
amine 
Ethylenediamine- | 10 |4 X 10-*| 0 | Trimethyleneimine 36/2 X 107? | 53 
tetraacetate Pyridoxamine* 30/5 X 10-4 {100 (31) 
Isoniazid 65 |1 X 10-5| 36 2 X 10-3 {100 (63) 
1 X 10-*| 97 5 X 10-* |100 (80) 
1 X 10-*| 98 | Pyridoxamine 36/1 XK 10-7 | 0 
2 X 10°? | 98 phosphate 
Iproniazid 65 |2 X 10-4| 18 | Phenobarbital 75/2 X 10-*| 0 
8 X 10-*| 86 | Pyribenzamine 109|2 X 10-*| 91 
1 X 10-*| 97 | Benadryl 60/2 X 10-* | 78 
2 X 107? | 95 | Octyl alcohol 127/0.1 ml.¢ | 0 
Hydroxylamine 45/4 X 10-4 |100 
Semicarbazide 45/4 X 107? |100 
Cyanide 60}1 X 10-3 |100 





* Inhibition of spermine oxidation by pyridoxamine was only transient; for ex- 
ample, in the experiment with 5 X 10-* m pyridoxamine, oxygen consumption began 
15 minutes after the spermine was added. The figures in parentheses represent the 
per cent inhibition during this later period. 

t Per flask. 


possibility that a labile intermediate closely related to spermidine is con- 
verted into spermidine during isolation procedures has not been excluded. 


3 We wish to thank Dr. H. Bauer for his assistance in this isolation, Dr. E. Horning 
for the infra-red analysis, and Mr. William C. White for the x-ray diffraction analysis. 
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Further details on the intermediary products of spermine metabolism in 
vitro and in vivo will be published separately. 

Evidence for the formation of one or more aldehydes during the above 
reactions was obtained by adding a saturated solution of 2 ,4-dinitrophenyl- 
hydrazine in 2 N HCl to the trichloroacetic acid filtrate of the spermine 
incubation mixture. Subsequent alkalization with 5 Nn NaOH resulted in 
the purple color characteristic of dinitrophenylhydrazones (18). In other 


TABLE V 
Effect of Preincubation on Isoniazid Inhibition of Amine Oxidase 
The incubation mixture contained 1 ml. of 0.2 m potassium phosphate buffer, 
pH 7.2, isoniazid, 12 spectrophotometric units of amine oxidase, and water in a 
volume of 2.94 ml. After the preincubation period indicated at 30°, 0.06 ml. of 0.1 


u benzylamine sulfate was added, and the reaction was followed at 250 my in the 
spectrophotometer for 10 minutes. 








Concentration of isoniazid Time of preincubation Inhibition* 
M min. per cent 

2X 10 1 41 
15 89 
37 98 
2 X 10-5 1 0 
1 6 
22 40 
60 64 
109 88 
135 81 
2X 10-° 1 0 
105 15 











* A manometric experiment was carried out with a final concentration of 1 10-4 
M isoniazid and 6 wm of benzylamine as the substrate. There was essentially no 
inhibition without a preincubation period; after 60 minutes of preincubation at 
37°, 93 per cent inhibition was observed in the rate of oxygen uptake. Similar re- 
sults were obtained with iproniazid. 


experiments, with a more concentrated incubation mixture, a crystalline 
reddish brown precipitate was obtained upon the addition of the 2,4- 
dinitrophenylhydrazine; although this is presumably a dinitrophenylhy- 
drazone, more definitive identification has not been carried out. The 
formation of an aldehyde from spermidine has been shown by Silverman 
and Evans (19) during the oxidation of spermidine by lyophilized Pseudo- 
monas pyocyanea. 

Kinetic Studies—The effect of substrate concentration on the reaction 
tates with benzylamine and homosulfanilamide is shown in Fig. 6. The 
Michaelis constants, as calculated by the method of Lineweaver and Burk 
(20), were 1.6 X 10-* and 2 X 10~ , respectively. 








658 PURIFICATION OF AMINE OXIDASE 


The affinity of spermine for the enzyme could not be measured directly, 
as the enzyme was completely saturated in manometric experiments con- 
taining 3 wm per 2.5 ml. volume. An indirect measure of this affinity was 
obtained by measuring the effect of spermine as an inhibitor of homo- 
sulfanilamide oxidation (Fig. 6, C). K, (the enzyme-inhibitor dissociation 
constant) was calculated as 8 X 10-° m. 
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Fic. 7. Effect of cyanide on benzylamine oxidation. The incubation mixtures 
contained 100 um of phosphate buffer (pH 7.2), enzyme (Step D), and sodium cyanide 
in a total volume of 2.44 ml. An amount of acetic acid, equivalent to the sodium 
cyanide concentration, was included in the incubation mixture. After a 15 minute 
preincubation at 37.2°, 6 um of benzylamine (0.06 ml.) were added from the side arm. 
At the arrows, an additional 6 um of benzylamine were added to each flask. 


Inhibition Studies—The effects of various inhibitors on spermine oxida- 
tion are summarized in Table IV. Table V summarizes the inhibition 
studies with isonicotinoylhydrazine (isoniazid), demonstrating that the 
inhibitory effect was not immediate, but required incubation of the enzyme 
and the inhibitor. A similar effect of preincubation was found with 1-iso- 
nicotinoyl-2-isopropylhydrazine (iproniazid). 

The oxidation of spermine by the purified amine oxidase preparations 
was inhibited by cyanide, hydroxylamine, and semicarbazide, thus con- 
firming the findings of Hirsch (8) with sheep serum. Comparable inhibi- 
tion was also observed in the oxidation of benzylamine. Although a lag 
in cyanide inhibition was noted with low cyanide concentrations (Fig. 7), 
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longer preincubation periods (100 minutes) did not affect the results ob- 
tained. This was in contrast to the isoniazid inhibition reported above. 

The inhibition of spermine oxidation by quinacrine observed in these 
experiments is similar to the inhibitory effects of quinacrine reported by 
Silverman and Evans (19) during spermidine oxidation by lyophilized P. 
pyocyaned. 


DISCUSSION 


Although the relationship between the plasma enzyme and the liver 
monoamine oxidase is still unclear, various differences and similarities in 
the behavior of the two enzymes have been noted in this work. These are 
somewhat difficult to evaluate at present, since the liver enzyme is particu- 
late and resists purification. Most striking are the differences in substrate 
and inhibitor specificity. Our preparations show strong activity against 
spermine, relatively weak activity against tyramine, and essentially no 
activity against tryptamine and epinephrine. This is in contrast to the 
usual liver preparations (2-4), which show considerable activity against the 
latter substrates and, as reported above, essentially no activity against 
spermine. Werle and Roewer (6) have recently presented evidence that 
in rabbit liver butylamine and tyramine are oxidized by separate amine 
oxidases. The inactivity against long chain monoamines and short chain 
diamines, as well as the active oxidation of the one long chain diamine 
tested, is in agreement with the findings of Blaschko and Duthie (22) and 
Blaschko and Hawkins (23) for liver monoamine oxidase. 

Zeller et al. (24) have recently reported that liver and brain monoamine 
oxidases are inhibited by iproniazid, but are resistant to isoniazid. The 
plasma enzyme, on the other hand, is inhibited by both iproniazid and 
isoniazid. 

The plasma preparations are inhibited by 10-* m KCN. Liver mono- 
amine oxidase preparations, on the other hand, are very resistant to cya- 
nide inhibition (2-4, 14-16). The inhibition of the enzyme by carbonyl 
reagents (Table IV) suggests the possibility that a carbonyl group is pres- 
ent as an active center on the enzyme or a coenzyme (possibly pyridoxal 
phosphate). 

In general, the data indicate that in beef plasma preparations one en- 
zyme is involved in the oxidation of spermine, benzylamine, and the ali- 
phatic amines. For example, the relative reaction rates with different sub- 
strates with the preparation purified 175 times are similar to those found 
with the crude plasma. Further support is offered by various competitive 
experiments, as well as similar behavior towards KCN and other inhibitors. 

‘Barsky, Berman, and Zeller (21) have recently reported the preparation of a 


non-sedimentable amine oxidase from hog liver mitochondria by combined treat- 
ment with desoxycholic acid and sonic oscillation. 
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However, unequivocal proof for a single enzyme would require further 
purification of the enzyme, ‘as well as some independent determination of 
the K,, for spermine. 

Spermine was not only very actively degraded, but also had a very high 
affinity for the enzyme. These findings may be of particular relevance to 
the physiologic significance of this enzyme, in view of the recent studies on 
the nephrotoxic action of spermine (Rosenthal et al. (25, 26)), as well as 
its relationship to bacterial metabolism (19, 27-30). Our purified amine 
oxidase preparations, when added to culture media containing spermine, 
have the same inhibitory effect on the growth of Mycobacterium tuberculosis 
(BCG strain) as the preparations of Hirsch and Dubos (27, 28). (Un- 
published experiments of Dr. Y. T. Chang.) 


SUMMARY 


1. A soluble amine oxidase from beef plasma, which oxidizes various 
amines with the stoichiometric formation of the corresponding aldehyde, 
H2O2, and NHs, has been purified 150- to 200-fold. 

2. The substrates most rapidly attacked are spermine, spermidine, ben- 
zylamine, homosulfanilamide, furfurylamine, and various aliphatic amines. 
Essentially no activity is observed towards epinephrine. 

3. This preparation differs in substrate and inhibitor specificity from the 
particulate monoamine oxidase described in liver. 

4. A convenient spectrophotometric assay for amine oxidase is described, 
which depends on the change in the absorption spectrum when benzyl- 
amine is oxidized to benzaldehyde. 
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ENZYMATIC SYNTHESIS OF THIOURACIL RIBOSIDE 
AND THIOURACIL DESOXYRIBOSIDE* 


By DONALD B. STROMINGER anp MORRIS FRIEDKIN 


(From the Department of Pharmacology, Washington University School of Medicine, 
St. Louis, Missouri) 


(Received for publication, November 20, 1953) 


In a survey of various substrates for pyrimidine nucleoside synthesis, 
it was noted that inorganic orthophosphate was released when 2-thiouracil 
and desoxyribose-l-phosphate were incubated together with thymidine 
phosphorylase (1). This finding, taken as a fairly certain indication of 
nucleoside synthesis, has now been fully substantiated by isolation and 
characterization of crystalline thiouracil desoxyriboside. 

Initial experiments were carried out with the more readily available 
ribose-1-phosphate rather than with desoxyribose-1-phosphate. The ribo- 
nucleoside of thiouracil was prepared enzymatically by the Kalckar re- 
action (2) shown in Reaction 1. 


Thiouracil + ribose-1-phosphate = 


(1) 


thiouracil riboside + inorganic orthophosphate 


Synthesis of the riboside was demonstrated not only by the release of 
inorganic orthophosphate but also by the disappearance of pentose. The 
ribonucleoside was separated from thiouracil by filter paper chromatog- 
raphy. Its ultraviolet spectrum differed markedly from that of thiouracil 
at pH 9.0. Upon enzymatic arsenolysis thiouracil riboside was cleaved to 
free thiouracil and free ribose by Reactions 2 and 3. 


Thiouracil riboside + arsenate — thiouracil + ribose-l-arsenate (2) 





Ribose-1l-arsenate (spontaneous) > ribose + arsenate (3) 


On the basis of the spectral data obtained with thiouracil riboside, 
analogous experiments were performed with desoxyribose-1-phosphate and 
resulted in the isolation of crystalline thiouracil desoxyriboside. 


EXPERIMENTAL 


Substrates and Enzymes—Ribose-1-phosphate, prepared from guanosine 
by the method described by Kalckar (2), was fractionated as the calcium 
salt! and freed of contaminating purines with activated charcoal (Norit 

*This investigation was supported in part by a research grant from the Na- 


tional Institutes of Health, United States Public Health Service. 
‘Unpublished procedure of Dr. Graham Webster. 
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A). Desoxyribose-1-phosphate was prepared as the dicyclohexylam- 
monium salt (1). Thymidine phosphorylase (with an activity of 40 uw 
of thymidine split per mg. of protein per hour (3)) was prepared from 
horse liver. 

Release of Inorganic Orthophosphate; Measure of Nucleoside Synthesis— 
When thiouracil (0.18 um) was incubated with ribose-1-phosphate (0.058 
ym) and phosphorylase, inorganic orthophosphate (0.041 um) was released, 
whereas in the absence of thiouracil no phosphate was released (Table I). 
In this experiment, in which an excess of thiouracil was present, 71 per 
cent of the ribose-1-phosphate initially present entered into nucleoside 
synthesis. 


TABLE [ 
Release of Inorganic Phosphate As Measure of Nucleoside Synthesis 
The incubation mixture consisted of 0.18 um of thiouracil, 0.058 um of ribose-l- 
phosphate, and thymidine phosphorylase in a total volume of 62 ul. of 0.074 m Tris- 
HCl buffer, pH 7.4; temperature, 38°. The reaction was stopped by the addition of 
60.6 ul. of magnesia mixture, and inorganic phosphate was determined in the pre- 
cipitate (4). 





Release of inorganic phosphate 








Time —— 
Thiouracil absent Complete mixture 
min. | uM | uM 
0 0.005 0.005 
10 0.005 0.036 
20 0.005 0.044 
30 0.004 } 0.046 
40 0.004 0.045 
50 0.005 0.045 


60 0.003 0.049 





Disappearance of Pentose; Measure of Nucleoside Synthesis—Ribose 
when bound in nucleosidic linkage with pyrimidine shows a limited re- 
sponse to the orcinol reagent of Mejbaum (5). Paege and Schlenk (6) 
have taken advantage of this fact in demonstrating the enzymatic syn- 
thesis of uridine from uracil and ribose-1-phosphate. Similarly, in the 
present study when thiouracil (0.68 ym) was incubated with ribose-l- 
phosphate (0.15 um) and phosphorylase in a total volume of 148 ul. of 
0.03 m Tris?-HCl buffer, pH 7.4, for 45 minutes at 38°, 64 per cent of the 
ribose initially present could not be accounted for by the orcinol method. 

Isolation of Thiouracil Riboside—A mixture consisting of 77 um of thio- 
uracil, 28.6 um of ribose-1-phosphate, and phosphorylase, in a total volume 


2 Tris, tris(hydroxymethyl)aminomethane. 
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of 16.1 ml. of 0.12 m Tris-HCl buffer, pH 7.4, was incubated for 45 minutes 
at 38°. The enzymatic reaction was terminated by the addition of 225 
ml. of acetone and the protein spun off. The supernatant fluid was 
evaporated to a small volume and applied to Whatman No. | filter paper 
for ascending chromatographic development with n-butanol saturated with 
3per cent boric acid (7). 

Compounds were located on the filter paper with ultraviolet light at 
Ry 0.5 (Compound A) and at Ry 0.25 (Compound B). Compounds A and 
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Fie. 1. Absorption spectra of thiouracil (3 y per ml.). O, 0.03 Nn HCl; A, 0.02 
m Tris-HCl buffer, pH 7.4; @,0.2 m KzHPO,, pH9. Spectra were not determined at 
higher pH values because of the instability of thiouracil. 

Fig. 2. Absorption spectra of thiouracil riboside. O, 0.03 n HCl; A, 0.02 m 
Tris-HCl buffer, pH 7.4; @, 0.2 m KzHPO,, pH 9. 


B were eluted from the filter paper with H,O and rechromatographed with 
butanol-borate. Compound A at different pH values had an absorption 
spectrum identical with that of thiouracil (Fig. 1). Compound B had a 
spectrum similar to that of thiouracil in acid; however, at pH 9.0 a marked 
difference was noted (Fig. 2). 

When Compound B was incubated with phosphorylase in 0.2 m Tris-0.1 
Marsenate buffer, pH 7.4, for 45 minutes at 38°, essentially all of the ribose 
present was released as measured by the orcinol method (based on the as- 
sumption that Compound B was pure thiouracil riboside and that its molar 
extinction value was the same as that of crystalline thiouracil desoxy- 
tiboside (Table II)). When the products of an incomplete arsenolysis 
fom a similar incubation mixture were subjected to paper chromatog- 
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raphy with the butanol-borate solvent mixture, compounds were again 
found at R, 0.5 and 0.25 and identified by their spectra as thiouracil and 
Compound B. Since Compound B released thiouracil and free pentose 
upon enzymatic arsenolysis and since ribose-l-phosphate was the only 
source of pentose, it is most likely that Compound B is thiouracil riboside, 

Isolation of Crystalline Thiouracil Desoxyriboside—To 15 mg. of thiouracil 
dissolved with warming in 5 ml. of H,O were added 5 ml. of thymidine 
phosphorylase (123 mg. of protein; activity, 3.5 um of thymidine split per 
mg. of protein per hour (3)) and 79 mg. of dicyclohexylammonium desoxy- 

















TaBLeE II 
Molecular Extinction Values of Thiouracil Desoxyriboside* and Thiouracil 
aunt. Thiouracil 
Medium 
Maxima - Maxima € 
mu mu 
Eos. schtnss sane ees eee ase sears 274 17,800 270 13,900 
0.02 m Tris-HCl buffer, pH 7.4........... 272 17,800 268 11,800 
I 55. i6oeic sean boi Sncimen Snare 238 23,700 260 10,400 
0.3 oo 5 EOE 5 5 Ser Geer rt 269 17,300 305 6,150 











* Thiouracil desoxyriboside (0.3 mg.) was dissolved in 1.0 ml. of H.O (Solution 
A). Spectra were determined by diluting 25.5 ul. aliquots of Solution A with 1.0 
ml. of medium. Desoxyribose was determined as follows: To 51.0 ul. of Solution A 
were added 51.0 wl. of 1 per cent cysteine hydrochloride and 1.0 ml. of H:SO, (70 nl. 
of H.SO,, sp. gr. 1.84, plus 30 ml. of H,O). After 12 minutes the optical density at 
\ = 490 my was 0.333. A standard solution of thymidine containing 300 y per nl. 
yielded the optical density 0.385. On this basis, Solution A contained 1.07 um of 

‘desoxyribose per ml. The molecular extinction coefficients were calculated from 
this value. 


ribose-1-phosphate. After 6 hours at 38°, the incubation period was ter- 
minated by the addition of 150 ml. of n-butanol and 150 ml. of diethyl 
ether. The mixture was filtered and evaporated to dryness with an air 
stream. To the residue, dissolved in 1 ml. of H,O, were added 15 ml. of 
n-butanol and 45 ml. of diethyl ether. The precipitate was spun off and 
discarded. 

Thiouracil was removed in several crops by evaporation of the super- 
natant fluid until the mother liquor exhibited an absorption spectrum i 
0.2 m K,HPO, similar to that of thiouracil riboside (Fig. 2). The mother 
liquor was applied to Whatman No. 1 filter paper and chromatographed 
with n-butanol saturated with H,O. The water eluate of the band at Rr 
0.5 to 0.6 upon evaporation yielded crystalline thiouracil desoxyriboside 
(needles). 

Approximately 0.3 mg. of the crystalline product was dissolved in 1.0 
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ml. of HO (Solution A). The amount of desoxyribose present was deter- 
mined by the Dische cysteine-H,SO, method, as modified by Stumpf (8), 
with recrystallized thymidine as the standard. Solution A contained 1.07 
ym of desoxyribose per ml., compared with the value of 1.24 + 0.17 um 
of thiouracil per ml. (based on the amount weighed and a molecular weight 
of 244). 

The molecular extinction values of thiouracil desoxyriboside, based on 
the more accurately determined amount of desoxyribose present in Solu- 
tion A rather than on the weight, are compared with those of thiouracil in 
Table IJ. Enzymatic arsenolysis of thiouracil desoxyriboside resulted 
in a change of the ultraviolet absorption spectrum to one identical with 
thiouracil. 

Point of Attachment of Pentose to Thiouracil—In uridine the attachment 
of the sugar is to nitrogen 1 of the pyrimidine ring’ (9) and is very stable 
toacid hydrolysis. On the basis of the close similarities of the absorption 
spectra of uridine and thymidine at various pH values, Ploeser and Loring 
(10) concluded that the desoxyribose group of thymidine is attached to 
nitrogen 1 of thymine. It has been shown that thymidine synthesized 
enzymatically by the action of thymidine phosphorylase on thymine plus 
desoxyribose-1-phosphate is identical with natural thymidine (1). There- 
fore, the phosphorylase definitely acts at nitrogen 1 of the pyrimidine ring 
of thymine and, quite likely, acts in a similar way on thiouracil. It is 
concluded that the point of attachment of the sugar in the thiouracil nu- 
cleosides is at nitrogen 1. The stability of thiouracil riboside to acid hy- 
drolysis is consistent with this structure. 


DISCUSSION 


The enzymatic synthesis of the thiouracil nucleosides by reaction of 
thiouracil with ribose-1-phosphate or desoxyribose-1-phosphate suggests 
the possibility that nucleoside formation might be the primary event which 
eventually, if not directly, results in the antimetabolic effects of thiouracil 
on bacteria (11), tobacco mosaic virus (12), Protozoa (13), seedlings (14), 
and 2-acetylaminofluorene-induced hepatomas (15). It is conceivable that, 
although the competition between uracil and thiouracil occurs in the nucleo- 
side phosphorylase reaction, the metabolic damage due to thiouracil ribo- 
side formation may occur at some other step. 

Jeener and Rosseels (16) have isolated thiouridylic acid from tobacco 
mosaic virus grown in the presence of S'*-thiouracil and have suggested 
that the antimetabolic effects of thiouracil may be due to formation of a 
malfunctioning thiouracil-containing ribonucleic acid. Rutman et al. (17) 
have reported the incorporation of C™-thiouracil into the nucleic acid of 


*The numbering is according to Chemical Abstracts. 
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rat liver. Kalckar* has suggested that thiouracil traps ribose-1-phosphate 
in the form of an unnatural nucleoside, making it less available for normal 
pathways at a time when its concentration may be critical. 

It is of some interest that thymidine phosphorylase favors the formation 
of the desoxyriboside rather than the riboside when uracil is the substrate 
(1); yet with thiouracil as a substrate, both ribo- and desoxyribonucleo- 
sides are formed to the same extent. 

It is hoped that the thiouracil nucleosides can be prepared in amounts 
which will make possible tests of their antimetabolic effects on thyroid 
activity as well as on growth. 


SUMMARY 


Thiouracil riboside has been synthesized by an enzymatic reaction be- 
tween thiouracil and ribose-1-phosphate. Similarly, thiouracil desoxyri- 
boside has been synthesized and isolated in crystalline form. The forma- 
tion of thiouracil nucleosides may be of some significance in explaining the 
known antimetabolic effects of thiouracil. 


Addendum—In a paper which escaped our notice, Shugar and Fox (19) report 
ultraviolet absorption data for 1-ethyl-2-thiouracil which strongly support our 
conclusion that the point of attachment of the sugar in the enzymatically synthesized 
thiouracil nucleosides is at nitrogen 1. 
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4 Private communication. Since completion of this manuscript a full discussion 
of Kalckar’s ‘‘ribose trap’’ theory has appeared (18). 
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FETUIN: THE MUCOPROTEIN OF FETAL CALF SERUM 


By H. F. DEUTSCH 
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Relatively early investigations, as exemplified by the work of Howe (1, 
2), showed that in some animal species there exists a marked difference 
between the albumin-globulin ratios of the new-born and adult. Subse- 
quent electrophoretic studies indicated that the sera of the new-born calf 
and foal contain very little y- and 6-globulin and are characterized by large 
amounts of a-globulins (3-5). These observations were brought to focus 
by the experiments of Pedersen (6-8) who showed that the fraction repre- 
sented by the a,-globulin area contains large amounts of a protein different 
from the serum albumins and globulins. He proposed the name fetuin for 
this material (7), and has described some of the physical properties of prep- 
arations which appear to have been about 90 per cent pure (9). 

Certain of the electrophoretic properties of fetuin resemble those of 
ovomucoid (10, 11) and of serum glycoprotein (12, 13). The present in- 
vestigation has indeed revealed this material to be mucoprotein in nature. 
Fetuin, however, appears to be far more labile than substances of the type 
exemplified by ovomucoid (11) 


EXPERIMENTAL 


Fetuin was prepared from pooled fetal calf serum obtained from fetuses 
of 6 to 9 months gestational period. A combination of sodium trichloro- 
acetate (NaTCA) precipitation and ammonium sulfate and ethanol frac- 
tionation techniques was employed to purify the material. 

Electrophoretic analyses were conducted at pH 8.6 with a sodium diethyl 
barbiturate buffer of 0.1 ionic strength (u). At lower pH values, acetate 
and glycine buffers of » = 0.1, in which sodium chloride constituted 80 per 
cent of the salt, were employed. 

Diffusion experiments were carried out in an electrophoresis cell at 2° 
in buffers of » = 0.2. The boundary sharpening technique of Kahn and 
Polson (14) was utilized. 

Velocity sedimentation was carried out in the Spinco apparatus at 
59,780 r.p.m. A potassium phosphate buffer of pH 7.4, » = 0.2, was 
usually employed. 

The apparent specific volume of the protein was determined at 20° in a 
pycnometer of approximately 10 ml. volume. Nitrogen was determined 
669 
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by a micro-Kjeldahl procedure. The carbohydrate content of the protein 
was measured by the orcinol method of Sgrensen and Haugaard (15), 
Glucosamine was determined by Hewitt’s (16) method after hydrolysis for 
6 hours at 100° in 2N HCl. Total phosphorus was determined by a modi- 
fication of the method of Fiske and Subbarow (17). 

Assay of the trypsin-inhibiting activity of fetuin by the usual tests (18) 
was obviated by the high solubility of mucoprotein in the common alka- 
loidal reagents. A modified assay method utilizing a casein substrate was 
employed. The test period was terminated by the addition of Folin. 


FETUIN 
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Fig. 1. The descending electrophoretic patterns of fetal calf serum and fractions 
in diethyl barbiturate buffer at pH 8.6, ionic strength 0.1 (unless otherwise indi- 
cated). The duration of the experiments was 3 hours at potential gradients be- 
tween 5 and 6 volts per cm. 


Ciocalteu reagent rather than trichloroacetic acid. The results obtained 
allowed for a relative comparison of the antitryptic activity of various 
mucoproteins and sera. 


Results 


Solubility and Fractionation Experiments—The electrophoretic diagram 
in buffer of pH 8.6 for the usual pool of fetal calf serum is included in Fig. 
1. The area labeled fetuin was found to be relatively constant in the dif- 
ferent samples assayed, giving values of 46, 46, 43, 42, 46, and 47 (average 
45) per cent.!. From 9 to 10 per cent of protein of lower mobility was pres- 
ent, the residual protein consisting of serum albumin. With solubility 
in 5 per cent NaTCA at pH 3.5 as a measure of fetuin solubility, the 


1 We are indebted to the Armour Laboratories, Chicago, Illinois, for a generous 
sample of pooled fetal calf serum. 
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amount of this protein in six fetal sera was determined and is shown in 
Table I. If a nitrogen factor of 7.43 for fetuin and 6.25 for the residual 
protein is employed, an average of 1.95 per cent fetuin or 39.9 per cent of 
the total serum protein is obtained. This may be compared with the 
value of 46.1 per cent obtained by electrophoretic analysis of a pool of these 
sera. The electrophoretic pattern of Precipitate A, shown in Fig. 1, indi- 
cates that a considerable amount of the protein making up the serum com- 
ponent designated fetuin is insoluble in 5 per cent NaTCA at pH 3.5. 

The solubility of fetuin as a function of NaTCA concentration at pH 3.5 
and of protein concentration in 5 per cent NaTCA at pH 3.5 for two dif- 
ferent diluted fetal serum pools was determined. Recoveries at constant 
pH and NaTCA concentration were fairly uniform over a 5-fold dilution 


TABLE I 
Solubility of Fetal Calf Serum in Trichloroacetate Solution 














Serum No. Total N N soluble in NaTCA* | Per cent of N soluble* 
—_ — - — ——__— _ | — a 
a mg. per ml. } mg. per ml. | 
1 7.30 | 3.06 41.9 
2 7.45 2.54 34.1 
3 5.80 } 1.93 } 33.3 
4 7.22 | 2.48 34.3 
5 8.35 2.61 | 31.3 
6 7.80 3.11 39.8 
Average. . 7.32 2.62 35.8 


*5 per cent sodium trichioroacetate buffer at pH 3.5. 








of serum. This implies that fetuin is relatively soluble, while the non- 
fetuin proteins are relatively insoluble under these conditions. The sol- 
uble material has the electrophoretic pattern shown in Fig. 1 as Superna- 
tant A and is approximately 85 to 90 per cent fetuin. Supernatant A was 
further fractionated as indicated in Scheme 1. The electrophoretic dia- 
grams of the various fractions separated by these procedures are shown in 
Fig. 1. Variable amounts of ethanol are utilized for the removal of Pre- 
cipitate C dependent on the appearance of Precipitate B. If the latter 
fraction contains considerable brown-colored material, the higher ethanol 
concentration indicated in Scheme | is employed. Approximately 0.5 gm. 
of Precipitate D is usually obtained from each 100 ml. of serum. Precipi- 
tate D is usually reprecipitated at 50 per cent saturated (NH,).SO,, pH 7, 
several times to remove traces of serum albumin which may occasionally 


be present. This results in a further decrease in the yield obtained at the 
Precipitate D stage. 
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Electrophoretic Studies—The usual fetuin preparation (Precipitate D) 
gives a single electrophoretic peak in buffer of pH 8.6. Attempts to sepa- 
rate additional fetuin from Precipitate C, however, often result in material 
having a considerable amount of a second component of lower electro- 
phoretic mobility of the type shown in Fig. 1 (aggregated fetuin). Heat- 


Scheme 1. Conditions for Preparing Fetuin 
Fetal serum 
Add 1 volume 10% neutral NaTCA 
Adjust to pH 3.5 with 10% TCA 














|Centrifuge 
i ) 
| 
Precipitate A Supernatant A 
(discard) Adjust to pH 7.0-7.4 
Dialyze several days 
Add solid (NH,4)2S0O, to 40% 
saturation 
Adjust to pH 7 (+0.1) 
|\Centrifuge 
Precipitate B Supernatant B 
Suspend in H,0 and dialyze (discard) 
several days 
Adjust protein to near 1.5% 
and pH 4.5 
Cool to 0° 
Add precooled 95% ethanol 
to 15-25% u = 0.02-0.03, —6° 
|Centrifuge 
| 
.Precipitate C Supernatant C 
Add cold 95% ethanol to 50% 
Allow to stand overnight at —10 to —15° 
|Centrifuge 
l | 
Precipitate D Supernatant D 
(fetuin) (discard) 


ing purified fetuin at 100° fails to effect coagulation, but leads to the for- 
mation of similar material. 

In buffer of pH 3, » = 0.1, fetuin shows two electrophoretic components. 
The ratios of these vary for different preparations, but the main component 
usually constitutes over 70 per cent. Most and at times all of the second 
component seen at acid pH disappears when the material is subjected to 
electrophoresis at pH 8.6. Electrophoretic examination of fetal serum 
near pH 3 gives very anomalous and non-enantiomorphic patterns. There 
is no resolution of fetuin similar to that seen with the mucoproteins of 
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human serum at low pH (19, 12). None of the components of fetal calf 
serum which resolve at pH 4.0 could be correlated with those observed in 
similar experiments at pH 8.6. 

The mobilities of the two components of fetuin as a function of pH are 
given in Fig. 2. Since the aggregated portion shows a high degree of elec- 
trical heterogeneity, the isoelectric point of pH 4.4 is an average for these 
molecules. Furthermore, the isoelectric point of the monomer unit may be 
altered slightly by the presence of the second component. The value of 
pH 3.4 obtained for the major component is, however, close to the value 
of pH 3.5 reported by Pedersen (9). It is near that found for ovomucoid 
(pH 3.9), but much higher than that of the mucoproteins of bovine tonsil 
(pH 1.5) and human serum (pH 1.8 to 2.7). 
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Fic. 2. The electrophoretic mobility of fetuin as a function of pH. 
components; (1, the minor (aggregated) component. 


O, the major 

Apparent Specific Volume (V.,)—This constant was obtained for fetuin 
at 4.48, 3.37, and 1.69 per cent protein concentrations. The correspond- 
ing V,, values were 0.709, 0.717, and 0.709. The average of these, 0.712, 
wasemployed. It is close to the figure reported by Pedersen (9) for fetuin 
and by Hess et al. (20) for bovine tonsil mucoprotein, but differs consider- 
ably from the values of 0.675 for human serum mucoprotein (13) and 0.685 
for ovomucoid (11). The higher carbohydrate content of the latter two 
proteins would be expected to confer a greater density upon their mole- 
cules. 

Sedimentation and Diffusion Studies—Some of the results of sedimenta- 
tion experiments performed on various fetuin preparations under a variety 
of conditions are illustrated by the data of Fig. 3. Near neutral pH a 
single symmetrical peak is obtained for purified fetuin (Fig. 3, B). Mate- 
tial of the type exemplified by Precipitate B of Scheme 1 also usually shows 
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small amounts of a component, seo. = 18 S. Pedersen’s (9) purer prep. 
arations apparently often contained as much as 11 per cent of this heavier 
fraction. We are unable to account for this, since the fetal serum em. 
ployed in our work, a sedimentation pattern of which appears in Fig, 3 
A, contained only 2 to 4 per cent of such material. It can be seen that 
fetuin is only partly resolved from the serum albumin on ultracentrifuga- 
tion. The resolution is not sufficient to allow for its analysis by this 
method. Ultracentrifuge experiments on purified fetuin in acid buffers at 
pH 3.0 to 3.5 give a complex pattern. The average sedimentation con- 
stant is considerably higher and, as shown by Fig. 3, C, the presence of 



































al 
VenKny 
Bunk 


Fic. 3. Sedimentation patterns of fetal calf serum (A), purified fetuin (B), puri- 
fied fetuin in glycine-NaCl at pH 3, 0.2 m buffer (C), and purified fetuin heated 
15 minutes at 100° (D). A, B, and D were run in potassium phosphate buffer, pH 

7.4, 0.2 ionic strength. The intervals between successive exposures were 32 minutes. 


several molecular components is evident. This molecular complexity in 
acid solution has previously been reflected by its electrophoretic proper- 
ties at pH 3 (see Fig. 1). Sedimentation experiments on fetuin in phos- 
phate buffer of pH 7.4, » = 0.2, invariably showed a single peak or smaller 
amounts of the faster sedimenting component, even with material previ- 
ously held in the cold near pH 3 for several days. Fetuin that has been 
boiled for 15 minutes at 100° has a marked amount of the faster sediment- 
ing material when studied at pH 7.4 (see Fig. 3, D). Any preparation of 
“purified” fetuin in which two components appear on electrophoretic al- 
alysis in diethyl barbiturate buffer at pH 8.6 also shows this more rapidly 
sedimenting material. Thus, at acid pH and upon boiling at neutral pH, 
fetuin undergoes partial aggregation. In contrast, ovomucoid (11) and 
human serum acid glycoprotein (13) have been shown to be extremely sta- 
ble to such treatment. 
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The asymmetric nature of the fetuin molecule is indicated by the rather 
marked dependence of its sedimentation constant on concentration. A 
plot of such data for various preparations is given in Fig. 4. A value for 
Sy Of 2.86 S at infinite dilution is obtained. This may be compared with 
Pedersen’s (9) result of 3.09 and 3.23 S for the same system. Our lower 
value may derive from the fact that the oil-driven turbine ultracentrifuge 
has been found to give consistently higher values for the sedimentation 
constant of a given protein than the Spinco instrument (20-24). 

Because of the tendency of fetuin to form higher molecular weight ag- 
gregates, it was impossible to obtain consistent results in diffusion experi- 
ments. Lower values for the diffusion constant were found near the iso- 
electric point region than at neutrality. Experiments on three different 
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Fig. 4. The effect of concentration on the sedimentation constant for three fetuin 
preparations in potassium phosphate buffer, pH 7.4, 0.2 ionic strength. 


fetuin preparations near pH 7 gave D, of 5.06, 4.97, and 5.37 X 10-7 sq. 
em. per second. With a sample of D, 5.37 at pH 7 a value of 3.72 at pH 
3.6 was obtained. Simultaneous sedimentation experiments at the same 
pH produced results of the type shown by Fig. 3, B and C, which indicate 
that at acid pH fetuin undergoes considerable aggregation. 

Application of the method of moments for the determination of the dif- 
fusion constant gave fluctuating but always higher results than those de- 
termined by the height-area method. Such findings are indicative of 
molecular heterogeneity and were characteristic of experiments run at both 
acid and neutral pH. With diffusion constant values obtained at pH 7 
for the usual fetuin preparation, a molecular weight near 45,000 can be 
calculated. This may be compared with Pedersen’s (9) value of 48,700 
for fetuin prepared from fetal calf blood serum and the value 44,700 found 
for the acid mucoprotein of human serum (25). 

Trypsin Inhibition—Although fetuin preparations markedly inhibit tryp- 
sin, they exhibit less than 1 per cent of the activity of ovomucoid (11). 
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As is true for the latter protein, this activity is abolished by heating the 
solution at 100°, even though the protein does not coagulate. Fetal calf 
serum is approximately 10 times more active than the fetuin it contains 
indicating that the antitryptic property of this protein is due to a serum 
contaminant. When compared in terms of volume, the serum of adult 
cows was as active as fetal serum, even though the serum contained legs 
than 0.5 mg. per ml. of mucoprotein. A sample of crystalline human serum 
glycoprotein (13) and of purified bovine tonsil mucoprotein (20) contained 
about 10 per cent of the antitryptic activity of fetuin.? 

Other Studies—The nitrogen content of fetuin was found to be 13.39 
per cent. Although lower than the nitrogen content of most proteins, this 
value is in keeping with the properties of a mucoprotein. Various fetuin 
samples contained approximately 8 per cent glucosamine and 9.5 per cent 
mannose.*? The mannose content is close to that of ovomucoid (11) and 
tonsil mucoprotein (20), but is lower than that of human serum muco- 
protein (26, 13). Fetuin resembles the mucoprotein of human serum and 
bovine tonsil in glucosamine content, but has considerably less glucosamine 
than has ovomucoid. 

As is true for other mucoproteins, fetuin gives a strong reaction with 
Dische’s diphenylamine reagent, E5%4m, = 2.5.4 The reactive material has 
been suggested by Werner and Odin (27) to be sialic acid, a material pre- 
pared from submaxillary mucin by Blix (28). 

Small and variable amounts of phosphorus were found in different fetuin 
samples. The values ranged as low as 19.5 mg. per cent. This may be 
compared to levels of 101 and 188 mg. per cent, found by Pedersen for 
two of his fetuin preparations. The presence of phosphorus in amounts 
much less than 1 mole per mole of protein, as exemplified by our prepara- 
tions, suggests that a phosphorus-containing component may also occur 
as a common impurity in fetuin. 


DISCUSSION 


A marked interest in the serum mucoproteins in recent years is evidenced 
by the numerous clinical studies on these substances (29-36). Such pro- 
teins are usually increased in pathological states associated with increased 
tissue destruction or proliferation. The accumulation of large amounts 
of the glycoprotein in the calf fetus may thus be a reflection of the prolifera- 
tive processes in embryonic growth. This protein probably accumulates in 


? The human serum glycoprotein was provided by Dr. Karl Schmid, the tonsil 
mucoprotein by Dr. E. L. Hess. 

3 We are grateful to Dr. William P. Deiss and Mr. A. S. Leon for carrying out these 
analyses. 

4 The author wishes to thank Dr. E. L. Hess for these data. 

5 The author wishes to thank Dr. G. C. Mueller for these analyses. 
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the fetal calf blood because the complex placental structure separating the fetal 
calf and maternal vascular systems prevents its exchange. 

ine It is known that in animals such as the cow the serum antibodies of the 
rum mother do not pass the placenta, whereas in humans there is evidence of 
dult such a transfer in the young at parturition (37). The relatively simple 
len placental structure in the human allows for the exchange of protein mole- 
rum | cules between the fetal and maternal circulatory systems. Even though 
ined | the human fetus may be synthesizing large amounts of mucoprotein, this 
protein would be expected to distribute itself between the fetal and mater- 
3.39 | nal blood. In this respect it is interesting that the content of mucopro- 
“this tein in the blood serum of pregnant women has been reported to be ele- 
stuin | vated (38). The a- and a-globulin components of human serum, which 
cent contain the major portion of the serum mucoproteins, are likewise dis- 
and | tinetly increased during pregnancy (37). 

me Although possessing many of the general properties of mucoproteins, 
and | fetuin has been found to be far more labile than mucoproteins isolated from 
mine | other systems. In terms of antitryptic activity, phosphorus content, and 
electrophoretic and diffusion properties it is definitely heterogeneous. Se- 
with | Tum albumin, the most likely serum protein impurity, is, however, absent. 
s] has | Immunochemical studies of fetuin have likewise demonstrated its heteroge- 
] pre- | neous nature. The inability at the present time to assay this protein spe- 
cifically in terms of quantitative immunochemical, solubility, electrophor- 
fetuin | etic, and ultracentrifugal techniques makes impossible studies on such 
ay be problems as the rate of formation during embryonic development, tissue 
on for | concentration, rate of disappearance after birth, etc. 

ounts It is not known whether fetuin is identical with the mucoprotein of adult 
epara- bovine serum. A preliminary attempt to separate it from this system by 
occur | the application of conditions similar to those described in Scheme 1 was 
unsuccessful. This may be a function of the marked concentration differ- 
ence in the two systems. Because of the accumulation of fetuin in the 
fetal sera of certain animals, relatively rich sources of material for isolation 
Jenced | of mucoprotein are available. 

h pro- 
ea" SUMMARY 

nounts Fetuin of fetal calf serum has been further purified. It has been found 
lifera- | to be a mucoprotein of somewhat greater lability than the mucoprotein 
atesin | Separated from other systems. In acid solution near pH 3, considerable 
wn amounts of this protein exist in an aggregated form, which gives variable 
results in terms of diffusion, sedimentation, and electrophoretic experi- 
ut these | Ments. The monomer unit in neutral solution appears to have a molecu- 
lar weight near 45,000. 


*Meyers, W. M., and Deutsch, H. F., unpublished data. 
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TRACER EXPERIMENTS ON THE MECHANISM OF CITRIC 
ACID FORMATION BY ASPERGILLUS NIGER* 


By W. W. CLELANDf anp MARVIN J. JOHNSON 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, December 28, 1953) 


The importance of the citric acid fermentation carried out by strains of 
Aspergillus niger and the very high yields obtained have led investigators 
to try to find the mechanism by which citric acid is formed. On the basis 
of experiments with labeled acetate, Lewis and Weinhouse (1), using a low 
yielding strain, suggested that citric acid was an overflow product in faulty 
operation of the Krebs cycle. Foster and Carson (2) suggested condensa- 
tion of three 2-carbon fragments. However, these mechanisms cannot be 
operative in fermentations in which molar yields of nearly 100 per cent are 
obtained (see Table II). The mechanism orginally suggested by Lewis 
and Weinhouse (1) and later, as the result of experiments with labeled 
acetate, reaffirmed by Bomstein and Johnson (3) to account for these 
yields calls for splitting of hexoses to 3-carbon compounds, followed by 
decarboxylation of half of the 3-carbon compound to C2 and carboxylation 
of the rest to Cy, the C2, and C, compounds then condensing to form cit- 
rate. 

In order to test this theory by a more direct method than use of tracer 
amounts of acetate, a fermentation was run with glucose-3 ,4-C“. The re- 
sults here are not subject to assumptions on equilibration and clearly show 
that the mechanism above is the correct one and, under these conditions, 
the only one in operation. 

The mechanism postulated above calls for fixation of carbon dioxide at 
one point. This has been demonstrated by several investigators (2, 4-6) 
with labeled carbon dioxide; however, in these experiments label was in- 
corporated into citric acid to only a fraction of the degree predicted by 
theory. By use of a special closed system with continuous oxygen supply, 
it has been possible to obtain nearly theoretical incorporation of label 
from carbon dioxide into citric acid; in fact, the specific activity of citric 
acid has always been higher at the end of the fermentation than that of 
the carbon dioxide at the same time. It has also been possible to show 


*Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Atomic Energy Com- 
mission. 

t Predoctoral Research Fellow of the National Science Foundation, 1953-54. 
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that the label entered the expected carbon of citric acid almost exclusively; 
previous workers have always found at least 35 per cent of the label in 
other positions. 


Methods and Materials 


Culture and Fermentation—A. niger, strain 72-4, was used throughout 
this work, since it gives uniform high yields of citric acid in submerged 
culture on a completely synthetic medium. The methods and fermenta- 
tion media for sporulation and growth were the same as those used pre- 
viously in this laboratory (7-9). The fermentations described here were 
all carried out with preformed, washed mycelium resuspended in sterile ni- 
trogen-free medium containing, in addition to glucose, 2.5 gm. of KH»P0,, 
0.25 gm. of MgSO,-7H.0, 700 vy of iron, 240 y of zinc, and 3 mm of hydro- 
chloric acid per liter. A total volume of 25 ml. of medium containing 5 
ml. of packed mold pellet suspension was used. 

Analytical Techniques—Glucose was determined by the copper reduction 
method of Shaffer and Somogyi (10). Carbon dioxide was adsorbed in 4 
N sodium hydroxide and the amount determined by titration of the car- 
bonate with 1 nN hydrochloric acid in the presence of excess BaCle. Citric 
acid was determined by the colorimetric method with the pyridine-acetic 
anhydride complex (11). Oxalic acid was precipitated with calcium at pH 
6 and titrated above 60° with permanganate after solution in dilute sul- 
furic acid. Gluconic acid was determined polarimetrically in the presence 
of molybdate (12). 

Citric and oxalic acids were separated and isolated by partition chroma- 
tography with a 35 per cent butanol, 65 per cent chloroform mixture as the 
flowing phase and 0.5 N sulfuric acid supported on Hyflo Super-Cel (1 ml. 
per gm.) as the stationary phase. 

Degradation Procedure—Citric acid was degraded enzymatically in War- 
burg flasks to a-ketoglutaric acid and carbon dioxide. This was done at 
first with an extract of pigeon liver acetone powder in the presence of TPN,! 
riboflavin, and phosphate buffer, pH 7.4. More reproducible results and 
a yield of 95 per cent were obtained with a dialyzed extract of a lupine 
leaf acetone powder obtained from Dr. D. O. Brummond (13), together 
with TPN, methylene blue, and phosphate buffer, pH 7.4. In the latter 
case the major end-product appeared to be oxalosuccinic acid; this was 
converted to a-ketoglutaric acid by adding, after the initial reaction was 
completed, 50 per cent sulfuric acid saturated with aluminum sulfate. 

The a-ketoglutaric acid was converted to the 2,4-dinitrophenylhydra- 
zone and isolated by partition chromatography with a mixture of 35 per 


1TPN = triphosphopyridine nucleotide. 
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cent butanol and 65 per cent Skellysolve C flowing over 0.5 M citrate buffer, 
pH 5, supported on Hyflo Super-Cel. The 2,4-dinitrophenylhydrazone 
was then oxidized chemically by acid permanganate to carbon dioxide and 
succinic acid. The succinic acid was isolated by partition chromatography 
with a 15 per cent butanol, 85 per cent chloroform mixture flowing over 
0.5 n sulfuric acid supported on Hyflo Super-Cel. 

Radiocarbon Counting Techniques—The sample to be counted was diluted 
with a known amount of gelatin and adjusted to pH 12; 1 ml. aliquots were 


TABLE [| 
Fermentation of Glucose-8 ,4-C™ 





3 — 
| | Specific | Total Acid 











activity counts groups 
mM mu C —— mu H* 
Glucose at start 3.53 | 21.18 | 13,300 | 282,000 
Products 
Mycelium 23 , 500 
Carbon dioxide | 3.07 3.07 7,860 24,160 
Medium and washings 216 ,000 
Radioactivity recovered (93%) 263 , 660 
In medium and washings 
Unused glucose 1.23 7.39 | 13,300 98 , 200 
Citric acid 0.945 | 5.67 7,660 43,500 | 2.84 
Oxalic acid 0.811 | 1.62 | 12,650 20,500 | 1.62 
Gluconic acid 0.577 | 3.40} 13,300 45,200 | 0.58 
Radioactivity recovered (96%) 207 , 400 
Calculated acid groups 5.04 
Acid groups found by titration 5.08 

















Carbon recovered (99%) 21.15 





then placed on 5 sq. cm. copper disks and air-dried. Sample thicknesses 
were commonly between 1 and 10 mg. per sq. cm. Samples were counted 
ina flowing gas counter, at least 1000 counts being totaled for all but the 
very weakest samples. 

Preparation of Glucose-3 ,4-C'*—Adult white rats were fasted for 24 hours 
and then fed 340 mg. of sodium lactate in solution. After 1 hour they 
were injected with 0.5 to 1.0 me. of near isotonic sodium bicarbonate-C™. 
The rats were killed 2 hours later, and the glycogen was isolated from the 
livers. After hydrolysis, addition of carrier glucose, and removal of inor- 
ganic salts by ion exchange resins, the glucose solutions were concentrated 
by vacuum distillation and finally lyophilized, yielding 637 mg. of glucose- 
3,4-C¥ with an activity of 13,300 c.p.m. per mm of C. 
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Results 


Fermentation of Glucose-3 ,4-C'*—A medium containing 2.5 per cent glu- 
cose-3 ,4-C™ was fermented by washed mycelium for 36 hours in a con- 
trolled gas flow system. CO+2-free, humidified air was passed through a 
flexible rubber tube onto the shaker to the 125 ml. fermentation flask. 
Carbon = Specific 


Atom Activity 
Number (c.p.m. 


per mM C) 
OH oO 
1 270 “— CHy (-8-CoA f= 
2 270  HCOH ¢:0 7 > CH CH, 
| COOH 
3 39, 360 a oO F co, Fs OOH COOH 
4 39, 360 HCOH Pool Cc:0 -OH 
| COOH { | 
5 270 7 C:0 ne Ni2 
6 270 HCOH CH, COOH COOH 
H 
Glucose Citric Acid 
Carbon’ Specific 
Atom Activity 
Number (c. p.m. 
per mM C) 
1 270 COOH COOH COOH 
/ / 
2 270 CHy CHy CH, 
3 39, 050 Y eae + CO, 
4 270 eae ——- CH, rn) He 
| 
5 270 CH, c:0 COOH 
\ 
6 5, 870 COOH COOH + CO, 
Citric Acid a-Ketoglutaric Acid Succinic Acid 


Fia. 1. Path of fermentation of glucose-3 ,4-C™ to citric acid and of further degra- 
dation to determine labeling. 


After passing over the medium, the air was bubbled through a small car- 
bon dioxide adsorber on the shaker so that the carbon dioxide produced 
by the fermentation was collected for analysis and counting. The results 
of all analyses are shown in Table I. The distribution of the labels in the 
citric acid as determined by degradation is shown in Fig. 1. 

Fermentation of Glucose in Presence of CO: at pH 2—Washed mold 
mycelium was allowed to ferment a 4 per cent glucose medium in a totally 
closed system containing C“O2. This system is shown in Fig. 2. Prelimi- 
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nary experiments with iodine vapor showed that the rotary motion of the 
shaker keeps the gas in the fermentation flask well mixed with the gas in 
the reservoir above. The electrolysis cell operates only when a drop in 
internal pressure of the system causes the sulfuric acid to come in con- 
tact with the anode. Since the citric acid fermentation consumes large 
amounts of oxygen and liberates little carbon dioxide, the electrolysis cell 
supplies oxygen as it is taken up by the fermentation. The carbon dioxide 
concentration in the system is kept low by starting with a nearly pure 






To power supply, 
0-100 v. 100 ma. 


Fig. 2. Closed system for fermentations in the presence of labeled carbon dioxide 
A, 250 ml. fermentation flask with side arm; B, 16 mm. connecting tube; C, 2000 m1 
round bottom flask for gas reservoir; D, tube for flushing system (closed off during 
fermentation); Z, 20 em. of 0.5 mm. capillary tubing to prevent back-diffu,sion of 
labeled gases and to prevent oscillation of liquid level in F; F, an electrolys's tube 
containing dilute sulfuric acid; the anode is platinum. £E is fused to F and wrapped 
around it. E is connected to the side arm of A by a short piece of heavy walled 
rubber tubing (the ends of the glass touching). 


oxygen atmosphere and having the large reservoir to dilute any carbon 
dioxide formed. 

The whole system is held on the shaker by special clamps, and the wires 
from the electrolysis tube are led off the shaker to the direct current power 
supply. An ammeter and a gas coulombmeter collecting oxygen in an 
inverted tube are placed in series with the electrolysis cell to permit meas- 
urement of the rate of oxygen uptake and the degree of completion of the 
fermentation. 

After inoculation, the entire system was flushed with oxygen passed 
through a sterile filter and the labeled carbon dioxide plus carrier added 
(as sodium carbonate plus an equivalent amount of hydrochloric acid). 
After 45 hours, the system was removed from the shaker and CO.--free air 
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TaBLeE II passed 
Fermentation of Glucose in Presence of C“4Oz at pH 2 lected 
oe, en ae shown 
Specific | Total Aci 
anielty pn oui Table 
— | Fert 
mu | muC | Che ber mu H* } descril 
Glucose at start 5.64 | 33.80 (20 gn 
Carbon dioxide at start 1.00 | 1.00} 167,000 | 167,000 pH 3. 
Products tion w 
Mycelium ‘ 3,300 ofl os 
Carbon dioxide at end 3.65 | 3.65] 23,800 | 86,800 = 
Medium and washings 90 ,600 | 
Radioactivity recovered (108%) 180,700 , 
In medium and washings | Dist 
Unused glucose 2.85 | 17.10 
Citric acid 2.76 | 16.56 5,450 90,400 | 8.28 
Radioactivity recovered (99%) | 90,400 
Acid groups found by titration 8.36 
Carbon recovered (107%) 37.31 
TaBLe IIT 
Fermentation of Glucose in Presence of CO, at pH 4.6 
: Tota 
Specific Total counts 
*Ca 
mM mau C — od t Sp 
At start 
Glucose 5.11 30.70 The f 
Carbon dioxide 0.50 | 0.50 | 578,000 | 239,000 Table 
Citric acid 2.48 14.90 
Total carbon added 46.10 
Products The 
Carbon dioxide at end 1.53 1.53 38 , 400 58,800 (Fig. 
Medium and washings 210,000 3:3 st 
Radioactivity recovered (112%) 268,800 | anda 
In medium and washings fragm 
Unused glucose 1.07 6.40 howe 
Citric acid at end 4.12 24.70 5,040 124,000 hi 
Oxalie acid 3.55 7.10 5,500 39,000 | this cs 
Pee compr 
Radioactivity recovered (78%) 163 ,000 a 
Carbon recovered (86%) 39.73 uhh 
< a 
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passed through the system for 15 minutes, the carbon dioxide being col- 
lected in sodium hydroxide for analysis. The results of all analyses are 
shown in Table II, and the distribution of labeling in the citric acid in 
Table IV. 

Fermentation of Glucose in Presence of C“%O2 at pH 4.5—The fermentation 
described above was repeated with the addition of potassium citrate buffer 
(20 gm. per liter as citric acid) at an initial pH of 4.5 instead of the usual 
pH 2. At this pH, citric and oxalic acids are both formed; this fermenta- 
tion was designed to test carbon dioxide incorporation into oxalic acid as 
well as the effect of higher pH on the mechanism of citric acid formation. 


TaBLe IV 


Distribution of Labels in Citric Acid Formed from Glucose in Presence of CO: 








Activity of citric acid carbons 














P Fermentation at pH 2 | Fermentation at pH 4.5 
Carbon atom No.* 

Per cent Per cent 
| Specific activityt of total Specific activityt of total 
activity activity 

3 3,900 12 | 6,100 20 

6 28 , 800 88 21,100 70 

1, 2, 4,5 0 0 | 3,000 10 











Total molecule. . 32,700 | 30, 200 





* Carbons numbered as in Fig. 1. 
t Specific activity expressed as counts per minute per millimole of citric acid. 


The fermentation was stopped after 46 hours; the analyses are shown in 
Table III, the labeling in the citric acid formed in Table IV. 


DISCUSSION 


The pattern of labeling in the citric acid formed from glucose-3 ,4-C™ 
| (Fig. 1) is consistent only with citric acid formation by a symmetrical 
3:3 split, followed by formation of a 2-carbon fragment by decarboxylation 
and a 4-carbon fragment by carboxylation, followed by condensation of the 
fragments to form citric acid. The nearly undiluted label in carbon 3 
shows that recycling through the Krebs cycle has not taken place, since 
this carbon is lost as carbon dioxide during recycling; likewise, the 4-carbon 
compound could not have been formed by C2-C2 condensation, since 2- 
carbon compounds derived from pyruvate by decarboxylation would be 
unlabeled. Also, there is no dicarboxylic acid shuttle operating to random- 
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ize labels in the 4-carbon fragment through equilibration with symmetrical 
fumarate. 

It is obvious that carboxylation to form 4-carbon compounds is a sepa- 
rate reaction from decarboxylation to 2-carbon compounds, since the 1-car- 
bon fragment becomes diluted almost 7-fold by the carbon dioxide pool of 
the mycelium. The actual activity of carbon 6, which should arise from 
carbon dioxide, is somewhat less than that of the carbon dioxide produced 
by the fermentation, but this would not be surprising if the specific ac- 
tivity of the carbon dioxide changed during the fermentation, since the 
carbon dioxide produced is immediately swept away, and carbon dioxide 
incorporated into citric acid cannot reequilibrate with the pool. 

The small label in carbons 1, 2, 4, and 5 may be due to labeling of car- 
bons 1, 2, 5, and 6 of the original glucose. This would mean that 2.7 per 
cent of the label was not in the 3 and 4 carbons of the glucose; this is not 
surprising, considering the biological origin of the compound. 
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Fic. 3. Theoretical specific activities expected in a fermentation of glucose in the 
presence of labeled carbon dioxide. Conditions given in the text. 


_ The fermentation in the presence of CO. at pH 2 is rendered more 
‘apable of simple analysis by the nearly quantitative yield of citric acid 
and the absence of by-products. This enables one to calculate the degree 
of equilibration between carbon dioxide and the 1-carbon fragment which 
is added to C3 to give the C, precursor of citric acid. If the postulated 
mechanism involving carbon dioxide fixation is correct, the equilibration 
should be complete. 

There is no net carbon dioxide uptake during citric acid synthesis by 
this mechanism; carbon dioxide is split off at one point and restored at 
another. If there is a labeled carbon dioxide pool present, the carbon 
dioxide taken up during citric acid synthesis is labeled, while that split off 
is unlabeled. Citric acid synthesis thus continually extracts labeled car- 
bon from the pool into citric acid. Since the size of the pool does not de- 
crease, but increases slowly, its specific activity goes down; likewise the 
specific activity of the citric acid formed will drop, although in practice 
the specific activity of the citric acid always exceeds that of the carbon 
dioxide (see Fig. 3). 
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If the specific activity in counts per minute per millimole of the carbon 
dioxide pool is Aq, the rate of citric acid synthesis in millimoles per unit 
time t is C, and the fraction of theoretical equilibration between the carbon 
dioxide pool and the carbon dioxide used for citric acid synthesis is a, the 


t 
total counts per minute fixed in citric acid at time ¢ will be | AgaCadt. 
0 


Assuming a linear rate of formation of citric acid (which seems likely since 
the oxygen uptake was linear), the citric acid formed in time ¢ will be Ct, 
and the specific activity of citric acid, A,, at this time will be 


4) [ AyaCdt 

A, = ey 
If the total counts per minute in the carbon dioxide pool at zero time were 
a, the counts per minute remaining at any time will be a — [ AaaCadt. 


If b is the millimoles of carbon dioxide present at zero time and D repre- 
sents the rate of net formation of carbon dioxide by the fermentation in 
millimoles per unit time, then the carbon dioxide pool at any time will 
contain b + Dt millimoles and its specific activity will be 


t 
a- / AgaCdt 
(2) 0 
hed wig 
b+ Dt 


Differentiation, rearrangement, and integration of Equation 2 gives 


a b @C/D 
E Aa= 
' (5 + rat + ‘) 


If Equations 1 and 2 are combined by elimination of the integral, one 


gets Ag = (a — A,.Ct)/(b + Dt). Combination of this with Equation 3 
gives 


; b aC/D 
{ his Se i 
a = S(1-(¢5)  ) 


Equations 3 and 4 are plotted for a typical fermentation in Fig. 3 with a 
as 100,000 and a, b, C, and D as 1. 
The value of a can now be obtained by two separate solutions with Equa- 


tions 3 and 4 and the experimental results from Tables II and IV. From 
A., a is 0.578; from Ag, @ is 0.4852 








*It should be noted that in isotopic studies of this nature careful interpretation 
of results is required, as the presence of an equal label in two compounds does not 
necessarily show complete equilibration between them. In the present case, the 
theory calls for the specific activity of the citric acid to exceed that of the carbon 
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This simplified treatment assumes that Aq has the same value inside 
the mold cell as in the atmosphere of the closed system. Obviously, this 
will not be so. There must be a continuous flow of labeled carbon into the 
cell; it must get there by diffusion, and a concentration gradient is neces- 
sary to cause diffusion. If this diffusion barrier is taken into account, 
Equations 1 and 2 become more complicated. 


i rah (b + DiaCadt 
a. 














vere so _ a) 
(1, a) = 
4 Ct 
" [ ‘ (b + Di)aCat 
_— d 
Q (: +4 SE = ?”) 
(2, a) Ag = 


b + Dt 


Aais now the specific activity of the carbon dioxide in the gas phase, and k 
is a constant which depends on the diffusion barrier between mold and gas 
phase. An attempt was made to calculate the extent of this barrier by 
assuming that the fermentation rate was limited by oxygen and the con- 
centration of oxygen inside the mold was down to 1 per cent or less of 
its value at the gas interface. This calculation gave a value of 2.4 for a. 
Since a cannot exceed 1, oxygen is not limiting the rate of the fermentation. 
No other method for evaluating the diffusion barrier has been found; how- 
ever, it would seem that equilibration is essentially complete if values of 
0.5 for a are obtained by ignoring the diffusion barrier. 
_ A similar, although much more complex, analysis has been made for the 
fermentation run with C“O, at pH 4.5. Again the data strongly suggest 
that the carbon dioxide incorporated into citric acid is completely equi- 
librated with the carbon dioxide pool in the mold. Reference to Tables 
III and IV shows that the specific activity of the carbon dioxide at the 
end was 38,400 c.p.m. per mm, while that of the citric acid formed in the 
fermentation (not that of the total citric acid) was 75,600 c.p.m. per mM. 
The distribution of labels in citric acid in these fermentations (Table 
IV) further supports the suggested mechanism for citric acid formation. 
At pH 2, 88 per cent of the label was in the expected carbon. The other 
12 per cent was in the carbon derived from the a-carboxyl of oxalacetate, 
which comes in turn from the carboxyl of pyruvate. The label may have 








dioxide at all times, the ratio of the activities increasing towards infinity as the fer- 
mentation proceeds. Likewise, comparison of the average value of the specific ac- 
tivity of carbon dioxide with the final activity of citric acid gives here a mislead- 
ingly low value of 0.34 for a. 
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entered the pyruvate by C2-C; condensation, or may have come from the 
g-carboxyl of oxalacetate by equilibration with fumarate. 

At pH 4.5, the pattern of labeling changes somewhat, although 70 per 
cent of the label is still in carbon 6. The label in carbon 3 is higher, and 
some label has found its way into the rest of the carbons (probably largely 
into carbon 1). This indicates that at the higher pH side reactions not 
operative at pH 2 occur, tending to randomize the labels. The high de- 
gree of total fixation, however, indicates that the Krebs cycle still is not 
operative, since both carbons 3 and 6 would be lost during recycling. 


SUMMARY 


Fermentation of glucose-3 ,4-C“ by Aspergillus niger, strain 72-4, has 
shown that citric acid formation from hexose in this mold proceeds by a 
symmetrical 3:3 split, decarboxylation of one C; to Ce, carboxylation of 
the other Cz to C4, and condensation of C2 and C, to citric acid. Citric 
acid is not broken down via the Krebs cycle. There appears to be no 
CC, condensation to produce C, and very little shifting of labels in C, 
due to equilibration with symmetrical fumarate. 

By fermentation of glucose in a closed system containing COs, it has 
been possible to demonstrate almost theoretical incorporation of label into 
citric acid as required by the mechanism above. In a fermentation at pH 
2,88 per cent of the incorporated label was in the expected carbon in the 
citric acid; at pH 4.5, 70 per cent of the label was still in this carbon. 
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BIOSYNTHESIS OF HISTIDINE FROM RADIOACTIVE 
ACETATE AND GLUCOSE* 


By LOUIS LEVY{ anp MINOR J. COON 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 19, 1953) 


Evidence has been presented in a previous paper (2) that formate is the 
precursor of carbon atom 2 of histidine in yeast and that the imidazole 
ring of the amino acid is not derived from the corresponding ring of the 
purine bases. The present paper is concerned with the origin of the 5- 
carbon chain of histidine. 

The studies of Edlbacher (3) indicated that histidine catabolism in liver 
preparations leads to chemical intermediates which yield both formate 
and glutamate upon acid hydrolysis. Although earlier studies on the bio- 
logical formation of free glutamate from histidine were not conclusive (4— 
9), more recent investigations (10-13) have demonstrated this conversion 
and have established that “formate” is formed from carbon 2 of the ring 
(14-17). The fact that formate is both converted to histidine and formed 
from it suggests the possibility that the synthesis might occur by reversal 
of these degradative reactions. The present studies with acetate-2-C™ and 
C-labeled glucose indicate that histidine synthesis in yeast does not occur 
by reversal of this degradative pathway. 


EXPERIMENTAL 


Isolation of Amino Acids from Yeast Cultures—The incubation of radio- 
active acetate with a culture of Saccharomyces cerevisiae and the prepara- 
tion of the crude protein fraction of the harvested cells were carried out by 
procedures described previously (2). The amino acids obtained by acid 
hydrolysis of the proteins were fractionated with ion exchange resins ac- 
cording to a scheme proposed by Winters and Kunin (18), eluted from the 
resins with dilute hydrochloric acid, and purified as in the previous work. 
The amino acids or amino acid derivatives were in all cases recrystallized 
to constant radioactivity. The identity of each was confirmed by micro- 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council), the Special Research Fund of 
the University of Pennsylvania, and the National Science Foundation. The radio- 
active compounds were obtained on allocation from the United States Atomic Energy 
Commission. A preliminary report of this investigation was presented at the meet- 
ing of the American Society of Biological Chemists at New York, April, 1952 (1). 

t Predoctoral Fellow of the Life Insurance Medical Research Fund. 
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Kjeldahl determination of the nitrogen content. In this procedure g 
selenate-containing catalyst was used (19), and an 8 hour digestion wag 
employed in the case of histidine. The copper salt of aspartic acid was 
dried in vacuo at 155° before analysis. 

For some of the experiments in which labeled glucose was employed ag 
substrate, the basal medium of inorganic salts and yeast extract (2) was 
supplemented with 1.5 per cent glucose and 0.2 per cent L-glutamic acid 
(Medium A). In other instances in which it was desired to grow yeast 
in the absence of added yeast extract, Medium B, of the following per- 
centage composition, was employed: glucose 0.5, L-glutamic acid 0.067, 
ammonium dihydrogen phosphate 0.6, potassium dihydrogen phosphate 
0.02, magnesium sulfate 0.025, 'and five vitamins at the levels in the 
“standard basal medium” of Olson and Johnson (20). Tap water was 
used in making Medium B, and the pH was adjusted to 5.0. 

Degradation of Histidine—The location of the radioactive carbon in the 
isolated histidine was determined by employing the reactions shown in 
Diagram 1. A portion of the histidine was treated with ninhydrin to liber- 
ate the carboxyl carbon as carbon dioxide, which was collected as barium 
carbonate. It has been reported by Ehrensvird et al. (21) that prolonged 
ninhydrin treatment of histidine partly decomposes the imidazole ring, lib- 
erating some extraneous carbon as carbon dioxide. The possibility that 
carbon 2 of the ring might interfere in this manner was tested by carrying 
out a ninhydrin decarboxylation on a sample of biologically synthesized 
histidine-2-C™ (2) having 930 c.p.m. per mg. of carbon, or 5580 calculated 
for the labeled carbon alone. The experimental conditions of Van Slyke, 
MacFadyen, and Hamilton (22) were followed, and the carbon dioxide 
which was obtained was converted to barium carbonate and found to be 
devoid of radioactivity. 

Another portion of the labeled histidine was converted to the methyl 
ester, which was then treated with benzoyl chloride and sodium carbonate 
solution according to the procedure of Kossel and Edlbacher (23). The 
reaction mixture was centrifuged, and methyl 2,4,5-tribenzamido-4-pen- 
tenoate was obtained in a yield of 60 to 75 per cent of the theoretical 
amount by the addition of alcohol and water to the benzoyl] chloride layer. 
The radioactivity of carbon 2 of histidine was calculated by difference, and 
in some instances it was also determined directly on the carbon dioxide 
sample obtained by oxidation (24,25) of the formic acid in the aqueous 
layer of the reaction mixture. It was found that the tribenzoy] derivative 
could be degraded by oxidation with permanganate to yield N ,N’-di- 
benzoylasparagine methyl ester, a compound which has not been described 
previously. In a typical preparation, 472 mg. (1 mm) of the tribenzoyl 
derivative were dissolved in 25 ml. of reagent grade pyridine, 7.1 ml. of 
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eg 0.28 M potassium permanganate solution (6 m.eq.) were added, and the 
was reaction mixture was kept at 37° for 2 hours. If necessary, additional 
was permanganate was added dropwise to maintain a purple color during the 
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yer. D1aGraM 1. Scheme for the chemical degradation of histidine 
and 
xide incubation. At the end of the reaction period the mixture was centrifuged, 
ous any remaining permanganate was destroyed with a few drops of a 3 per 
tive cent solution of hydrogen peroxide, and, after concentration on a steam 
-di- bath to incipient dryness in vacuo, the crude mixture was stored overnight 
bed in an evacuated desiccator over concentrated sulfuric acid. The dried 
z0y1 residue was extracted twice with 5 ml. of boiling benzene, and the benzene 
. of extracts were refrigerated overnight. The resulting precipitate of diben- 
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zoylasparagine methyl ester was obtained in about 58 per cent of the theo. 
retical amount. The compound was recrystallized from 10 per cent etha- 
nol to give a lustrous white product, m.p. 147—148° (corrected). The 
compound was found to be soluble in pyridine, slightly soluble in cold ben- 
zene or absolute ethanol, and insoluble in water. 


Cy9H,sO;N2. Calculated. C 64.39, H 5.13, N 7.91 
Found. “0. “$11, “7 


Attempts to isolate the other expected product of the oxidation, N- 
formylbenzamide, were unsuccessful, even when less permanganate was 
employed. Additional evidence for the structure of dibenzoylasparagine 
methyl ester was obtained by submitting it to hydrolysis under reflux for 
6 hours with 6 n hydrochloric acid. Benzoic acid was recovered from the 
ether extract of the hydrolysate. The reaction mixture was then taken 
to dryness to yield aspartic acid, which was identified by paper chromatog. 
raphy and by preparation of the copper salt having the expected total 
nitrogen content (micro-Kjeldahl). An aliquot of the aspartic acid solu- 
tion was treated with ninhydrin in the presence of citrate buffer at pH 4.1 
(26), and the liberated carbon dioxide was trapped in barium hydroxide. 
The barium carbonate recovered represented 104 per cent of the theoreti- 
cal amount, or 2.08 moles per mole of dibenzoylasparagine methyl ester 
submitted to hydrolysis. 

Determination of Radioactivity—Histidine bis-3 ,4-dichlorobenzenesulfo- 
nate (27), arginine monoflavianate, glutamic acid hydrochloride, and tyro- 
sine were plated on aluminum disks and counted directly, but all other 
compounds to be assayed for radioactivity were first oxidized and con- 
_verted to barium carbonate. The counts per minute in excess of back- 
ground were corrected to activities at zero thickness. The histidine re- 
covered in the small scale experiments with labeled glucose (Table IT) was 
determined colorimetrically by adapting the diazo reaction (28) to a final 
volume of 5 ml. and reading with a No. 54 filter in the Klett photoelectric 
photometer. Values obtained independently by a modification (29) of the 
ninhydrin reaction as employed by Moore and Stein (30) were found to be 
in satisfactory agreement. The histidine was purified as the silver salt 
and identified chromatographically, and aliquots of the solutions contain- 
ing no more than 100 y were plated and counted directly. 

Radioactive Substrates—Sodium acetate-2-C“ was purchased from Trac- 
erlab, Inc., and glucose-1-C™ from the National Bureau of Standards. The 
uniformly labled glucose, prepared from starch by acid hydrolysis, was 
obtained through the kindness of Dr. E. M. MacKay and Dr. A. N. Wick 
of the Scripps Metabolic Clinic. 
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Results 


Incubation of Labeled Acetate with Growing Yeast—A culture of yeast 
grown on a basal medium supplemented with methyl-labeled acetate was 
treated as described, and five amino acids were isolated from the hydro- 
lyzed protein fraction. The glutamic acid, arginine, aspartic acid, and 
histidine were found to be significantly radioactive, as may be seen in Table 
I, but the tyrosine contained no detectable amount of labeled carbon. The 


TABLE I 
Distribution of Radioactivity in Amino Acids of Yeast Proteins after 
Administration of Acetate-2-C' 





| 


Compound ag Lge) oad 
ea i | 
Glutamic acid | 1440 
Arginine 590 
Aspartic acid | 140 
Tyrosine 0 
Histidine 72 
Carbon dioxide* COOH 0 
Methyl 2,4,5-tribenzamido-4-pentenoate | o MK &S 0 
Formic acidt eg 395 




















1.04 gm. of sodium acetate-2-C* (22 X 10® total counts) were added to a culture 
of S. cerevisiae in 6.8 liters of a basal medium containing unlabeled glucose at a level 
of 2.0 per cent (2). The mixture was aerated vigorously and maintained at 30° and 
at pH 5. The yeast was harvested at the end of 12 hours, furnishing 200 gm. of 
moist cells. 


*The ninhydrin decarboxylation was carried out on a mixture of 41 um of the 
radioactive histidine and 200 um of unlabeled carrier. 

t The benzoylation reaction was carried out on a mixture of 295 um of the radio- 
active histidine and 700 um of unlabeled carrier. The barium carbonate obtained 
from the resulting formic acid exhibited 117 c.p.m. per mg. of carbon, from which 
the value in the table was calculated: 117 & 995/295 = 395. 


finding that acetate and its metabolic products contribute to the synthesis 
of neither the benzene ring nor the side chain of tyrosine is in agreement 
with the work of other investigators (31). In view of the evidence pre- 
sented by others (32-34) for the occurrence of the citric acid cycle in yeast 
it may be assumed that the oxidation of acetate via this pathway furnishes 
labeled a-ketoglutarate and oxalacetate for the synthesis of glutamate and 
aspartate. The incorporation of labeled acetate into arginine in yeast has 
been described previously (35). 

The relatively low radioactivity of the isolated histidine strongly sug- 
gests that glutamic acid is not the source of the 5-carbon chain. To obtain 
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further information on this point, the histidine was degraded to determine 
the location of the labeled carbon. As indicated in Table I, no detectable 
radioactivity was found in the carboxyl carbon alone or in the tribenzoy] 
derivative, but the formic acid representing the amidine carbon had suff- 
cient radioactivity to account for essentially all of the C™ in the labeled 
histidine. It may be concluded from these results that acetate can furnish 
“formate” for histidine synthesis, but that acetate does not contribute to 
the synthesis of the 5-carbon chain, either directly or indirectly via gluta- 
mate and metabolically related compounds. 


TaB_Le II 


Radioactivity of Histidine Isolated from Yeast Grown in Presence of 
C'4-Labeled-p-Glucose 

















C.p.m. per mg. carbon 
Experiment | Carbon atom of | Moist weight of Amount of | denna 
No. | glucose labeled harvested yeast (histidine obtained ox 
} | | Administered Isolated 
glucose histidine 
gm. | mg. 
1 | All 2.82 2.0 5,570 1,300 
2 1 2.88 2.6 23 ,600 5,340 
3 1 2.40 2.1 17,700 4,070 
4 1 2.58 2.6 | 28,750 21,900 








An inoculum of yeast from an agar slant was carried through two 24 hour subcul- 
tures on the medium to be employed, and 1 ml. of the organisms was then trans- 
ferred to a sterile medium containing the radioactive glucose. The incubation mix- 
tures were aerated and maintained at 30° for 42 hours. In Experiments 1 to 3, 125 
ml. of Medium A were used, and, in Experiment 4, 380 ml. of Medium B. The ini- 
tial amount of labeled glucose present in the medium was 1.9 gm. in each of the four 
experiments. 


Incubation of Labeled Glucose with Growing Y east—The failure of acetate, 
bicarbonate, formate, glycine, and compounds derived from these sub- 
strates to contribute to the synthesis of the carbon chain of histidine when 
unlabeled glucose was present in the medium suggested that experiments 
in which labeled glucose was employed might provide evidence as to the 
mechanism of biosynthesis. As may be seen in Table II, both uniformly 
labeled glucose and glucose-1-C™ gave rise to labeled histidine. The rela- 
tively low specific activity of the amino acid in Experiments 1 to 3 may 
be attributed to dilution of the synthesized histidine by histidine present 
in the yeast extract of the medium.! Evidence indirectly supporting this 

1 Dr. H. W. Schoenlein of the Difco Laboratories has informed us that the Difco 


Bacto-yeast extract which was employed contained approximately 1 per cent histi- 
dine. 
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hypothesis was obtained in Experiment 4, in which the yeast was adapted 
to grow on a histidine-free synthetic medium (Medium B). The specific 
activity of the isolated histidine was in this case approximately the same 
as that of the glucose of the medium, indicating that approximately 1 atom 
of carbon 1 of glucose enters the histidine molecule. 

Experiment 4 was repeated with 354 uc. of glucose-1-C", and the isolated 
histidine was diluted with carrier, recrystallized to constant radioactivity 
as the disulfonate, and 10.5 mm were degraded, with the results shown in 
Table III. Carbon atom 2 contained approximately 9 per cent of the total 
radioactivity of the molecule, presumably indicating that carbon 1 of 
glucose can yield “formate.”* The carbon chain of the amino acid (tri- 


TasB.e III 
Distribution of Radioactivity in Histidine Derived from Glucose-1-C™ 





C.p.m._ |Per cent of 
per mg. total 
Compound Carbons of histidine represented| histidine | counts in 
carbon 5-carbon 
represented| chain 














Histidine disulfonate All 334 
Carbon dioxide COOH 329 18 
Methyl tribenzamidopentenoate <« @ 64,5 366 
2 (Calculated) 174 
Dibenzoylasparagine, methyl ester COOH, a, B, 4 232 
Carbon dioxide ™ 4 324 
a, B (Calculated) 140 15 
4 (Calculated) 319 17 
5 " 902 





benzoyl derivative) was appreciably radioactive, as anticipated. About 50 
per cent of the C" of the chain proved to be in carbon atom 5, as calculated 
from the radioactivities of the barium carbonate samples derived from the 
combustion of the tribenzoyl derivative and the dibenzoyl derivative, each 
having been recrystallized to constant radioactivity: 5 X 366 — 4 X 232 
= 902. The remainder of the labeled carbon was distributed in the car- 
boxyl carbon, carbon 4, and the a+ -carbons. 


DISCUSSION 


The data presented demonstrate that acetate cannot be considered an 
effective precursor of histidine in growing yeast (S. cerevisiae), except to 
the extent that the methyl carbon of the substrate yields “formate” as a 


*In other experiments carbon 2 of the histidine derived from glucose-1-C™ was 
recovered as barium carbonate and found to be radioactive. 
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source of carbon 2 of the amino acid. The incorporation of acetate into 
various amino acids, including histidine, in Torulopsis utilis has been de. 
scribed by Ehrensvird and his colleagues (36) as occurring under conditions 
in which the organism was adapted to acetate and then grown on this 
labeled substrate as the sole carbon source. The report of Ehernsvird ¢ 
al. (36) that the carboxyl carbon of histidine arises from the methyl carbon 
of acetate is explainable if one assumes that under their experimental con- 
ditions the acetate-2-C™ gave rise to glucose labeled chiefly in carbons 1, 
2, 5, and 6 (37, 38) and this compound in turn served as precursor of the 
histidine carbon chain. 

It may be pointed out that glucose-1-C™ would be expected to yield 
pyruvate-3-C™ and acetate-2-C™ in its metabolism, and therefore a-keto- 
glutarate and glutamate labeled to the largest extent in the a, 8, and - 
carbons (36). The differences between this pattern of labeling and that 
found in the histidine chain in our work add further weight to the conclu- 
sion that glutamate is not a histidine precursor. 

The finding that mutants of Escherichia coli (39) and Neurospora (40) 
accumulate compounds related to histidine, but having one to three hy- 
droxyl groups in the side chain, is suggestive of a pentose as precursor of 
the carbon chain. The synthesis of pentoses by aldol condensation of 
triose phosphate with a C2 fragment (41-44) is now recognized as an alter- 
nate pathway to the glucose monophosphate shunt (45-48) in cells, and 
evidence has been presented by Gilvarg (49) suggesting that the latter 
pathway is not of major importance in glucose dissimilation in growing 
yeast. The condensation of a triose phosphate-3-C™ (derived by the gly- 
colytic breakdown of glucose-1-C™) with a C2 unit (derived from carbons 
- 2 and 3 of triose phosphate-3-C™“) would be expected to yield a pentose 
labeled in carbons 1 and 5 or2and 5. Partial randomization of the isotope 
in these C; and Cz units via the Krebs cycle intermediates (prior to forma- 
tion of the C; chain) is incompatible with the finding that acetate does 
not contribute to the histidine carbon chain. The distribution of isotope 
expected if a pentose were an intermediate, therefore, cannot be reconciled 
at the present time with the pattern of labeling found in the histidine de- 
rived from glucose-1-C™ and also with the fact that acetate does not con- 
tribute to the carbon chain of histidine. 


The authors wish to acknowledge the help of Mr. Abramo Ottolenghi in 
the preparation of yeast cultures and the technical assistance of Mrs. Grace 
S. Greene. 


SUMMARY 


Histidine and other amino acids were isolated from the proteins of yeast 
grown in the presence of acetate-2-C“ and unlabeled glucose. The co 
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present in the histidine was found to be located exclusively in carbon atom 
2 of the imidazole ring. Since formate has previously been shown to be 
the precursor of this carbon atom, it is concluded that the methyl carbon 
of acetate can serve as a source of “formate.” It is apparent, however, 
that neither acetate nor glutamate and other compounds indirectly derived 
from acetate serve as precursors of the 5-carbon chain of histidine. 

When yeast was grown in the presence of glucose labeled either uni- 
formly or in carbon 1 with C", the isolated histidine was found to be radio- 
active. Chemical degradation of the histidine derived from glucose-1-C™“ 
demonstrated that the carbon chain was labeled primarily in position 5, 
the remaining C“ being distributed among the carboxyl carbon, carbon 4, 
and the a+8-carbons. Carbon atom 1 of glucose also contributes to the 
production of “formate”’ for histidine synthesis. 


BIBLIOGRAPHY 


. Levy, L., and Coon, M. J., Federation Proc., 11, 248 (1952). 

Levy, L., and Coon, M. J., J. Biol. Chem., 192, 807 (1951). 

Edlbacher, 8., Ergeb. Enzymforsch., 9, 131 (1943). 

Tesar, C., and Rittenberg, D., J. Biol. Chem., 170, 35 (1947). 

. Featherstone, R. M., and Berg, C. P., J. Biol. Chem., 171, 247 (1947). 

. Crookshank, H. R., and Berg, C. P., Federation Proc., 7, 150 (1948). 

. Wiss, O., Helv. chim. acta, 32, 521 (1949). 

. D’Iorio, A., and Bouthillier, L. P., Rev. canad. biol., 9, 310 (1950). 

. Crookshank, H. R., and Clowdus, B. F., J. Biol. Chem., 184, 307 (1950). 

10. Abrams, A., and Borsook, H., J. Biol. Chem., 198, 205 (1952). 

ll. Fournier, J. P., and Bouthillier, L. P., J. Am. Chem. Soc., 74, 5210 (1952). 

12. Wolf, G., J. Biol. Chem., 200, 637 (1953). 

13. Tabor, H., and Hayaishi, O., J. Biol. Chem., 194, 171 (1952). 

14. Sprinson, D. B., Abstracts, American Chemical Society, 119th meeting, Boston, 
Apr. (1951). Sprinson, D. B., and Rittenberg, D., J. Biol. Chem., 198, 655 
(1952). 

15. Reid, J. C., and Landefeld, M. O., Arch. Biochem. and Biophys., 34, 219 (1951). 

16. Soucy, R., and Bouthillier, L. P., Rev. canad. biol., 10, 290 (1951). 

17, Toporek, M., Miller, L. L., and Bale, W. F., J. Biol. Chem., 198, 839 (1952). 

18. Winters, J. C., and Kunin, R., Ind. and Eng. Chem., 41, 460 (1949). 

19. Chibnall, A. C., Rees, M. W., and Williams, E. F., Biochem. J., 87, 354 (1943). 

2%. Olson, B. H., and Johnson, M. J., J. Bact., 57, 235 (1949). 

21. Ehrensvird, G., Reio, L., Saluste, E., and Stjernholm, R., J. Biol. Chem., 189, 93 
(1951). 

22. Van Slyke, D. D., MacFadyen, D. A., and Hamilton, P. B., J. Biol. Chem., 150, 
251 (1943). 

23. Kossel, A., and Edlbacher, S., Z. physiol. Chem., 93, 396 (1915). 

4. Dakin, H. D., Janney, N. W., and Wakeman, A. J., J. Biol. Chem., 14, 341 (1913). 

5. Osburn, O. L., Wood, H. G., and Werkman, C. H., Ind. and Eng. Chem., Anal. 
Ed., 5, 247 (1933). 

%. Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 
Chem., 141, 627 (1941). 

%. Vickery, H. B., J. Biol. Chem., 148, 77 (1942). 


onouwrwnwr 


eo 








39. 
40. 


41. 
42. 


43. 
. Bernstein, I. A., J. Am. Chem. Soc., 73, 5003 (1951). 
45. 
46. 
47. 


49. 


BIOSYNTHESIS OF HISTIDINE 


. MacPherson, H. T., Biochem. J., 36, 59 (1942). 

. Fowden, L., Biochem. J., 48, 327 (1951). 

. Moore, S., and Stein, W. H., J. Biol. Chem., 176, 367 (1948). 

. Gilvarg, C., and Bloch, K., J. Biol. Chem., 193, 339 (1951). 

. Lynen, F., Ann. Chem., 539, 1 (1939). 

. Weinhouse, 8., and Millington, R. H., J. Am. Chem. Soc., 69, 3089 (1947). 

. Weinhouse, S., Millington, R. H., and Lewis, K. F., J. Am. Chem. Soc., 70, 3680 


(1948). 


. Strassman, M., and Weinhouse, S., J. Am. Chem. Soc., 74, 1726 (1952). 

. Ehrensvird, G., Reio, L., and Saluste, E., Acta chem. Scand., 3, 645 (1949). 

. White, A. G. C., and Werkman, C. H., Arch. Biochem., 13, 27 (1947). 

. Lifson, N., Lorber, V., Sakami, W., and Wood, H. G., J. Biol. Chem., 176, 1263 


(1948). 

Vogel, H. J., Davis, B. D., and Mingioli, E.S., J. Am. Chem. Soc., 73, 1898 (1951). 

Ames, B. N., Mitchell, H. K., and Mitchell, M. B., J. Am. Chem. Soc., 75, 1015 
(1953). 

Dische, Z., Naturwissenschaflen, 26, 253 (1938). 

Racker, E., Federation Proc., 7, 180 (1948). Racker, E., de la Haba, G., and 
Leder, I. G., J. Am. Chem. Soc., 75, 1010 (1953). 

Schlenk, F., Advances in Enzymol., 9, 455 (1949). 


Warburg, O., Christian, W., and Griese, R., Biochem. Z., 282, 157 (1935). 
Lipmann, F., Nature, 138, 588 (1936). 
Dickens, F., Biochem. J., 32, 1626, 1636 (1938). 


. Cohen, 8.8., Scott, D. B. M., and Lanning, M., Federation Proc., 10, 173 (1951). 
Gilvarg, C., J. Biol. Chem., 199, 57 (1952). 








MI) 


By 
(Fro 


Inv 
the al 
clusio! 
(nutri 
muta! 
ies (3 
strong 
rate p 
interc 
analy: 
“wild 
pathw 
direct 

Am 
compe 
inhibi 
teract 
by L-1 
of PA 
abolic 
al. (9) 
three 
auxoti 
troph; 
A con 
amino 
auxoti 

Sinc 
straig] 
of this 


* TI 
Nutriti 
t Pr 
Massac 


951). 
1015 


and 


951). 





METABOLISM OF PHENYLALANINE AND TYROSINE BY 
ESCHERICHIA COLI STRAIN K-12* 
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Investigations of the metabolic relationships in Escherichia coli among 
the aromatic protein amino acids have led to two widely divergent con- 
dusions. Growth studies (1) and isotope experiments (2) with auxotrophic 
(nutritionally deficient) mutants of strain K-12 have indicated that these 
mutant strains do not make tyrosine (T) from phenylalanine (PA). Stud- 
ies (3-5) of aromatic biosynthesis in auxotrophic mutants of strain W 
strongly support the view that PA, T, and tryptophan are derived by sepa- 
rate pathways from a common precursor and that the amino acids are not 
interconvertible. On the other hand, data (6-9) obtained by inhibition 
analysis (the use of antimetabolites) with this strain and an unspecified 
“wild type” strain of FZ. coli have suggested a “‘straight chain” biosynthetic 
pathway in which the synthesis of PA from tryptophan is followed by the 
direct oxidation of PA to yield T. 

Among the antimetabolites used in earlier experiments (6-9) is the 
compound $-hydroxyphenyl-pL-alanine (phenyl-pi-serine (DL-PS)). The 
inhibition, by PS, of the growth of a wild type EZ. coli was found to be coun- 
teracted in a competitive manner by pt-PA and by p1i-tryptophan but not 
by t-T, and it was suggested that PS does not inhibit the direct oxidation 
of PA to T, but interferes with the utilization of PA in some unknown met- 
abolic transformation essential for bacterial growth (6, 7). Bergmann et 
al, (9) reported that the inhibition of strain W by PS is reversed by all 
three aromatic protein amino acids and that PS inhibits the growth of a PA 
auxotroph and of a tryptophan auxotroph, but has no effect on a T auxo- 
troph; these authors suggested that PS blocks the conversion of PA to T. 
A competitive antagonism between PS and the three aromatic protein 
amino acids for an (unspecified) wild type strain of EZ. coli and for a PA 
auxotroph of strain W also has been reported by Woolley (10). 

Since the use of PS as an antimetabolite provided evidence favoring the 
straight chain biosynthetic pathway, it was of interest to study the effect 
of this compound on strain K-12 and on certain of its mutants, in which 


*This study was aided by grants from the Rockefeller Foundation and from the 
Nutrition Foundation, Inc. 
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the biosynthesis of PA and T is believed to occur by the “branched chain 
pathway” proposed by Davis (3). The results of these studies, together 
with other data pertaining to the PA metabolism of these bacteria, form 
the subject of this communication. 


Methods 


The origin of strain K-12 and of its mutants, No. 58-278 (PA auxotroph) 
and No. 58-5030 (T auxotroph), has been described previously (1, 11). In 
all the experiments, unless otherwise specified, the basal medium was sini- 
lar to that of Gray and Tatum (11). Because both auxotrophs are double 
mutants, requiring biotin in addition to an aromatic amino acid, the basal 
medium for these two strains was supplemented with 1 + of biotin per liter, 
The basal medium (pH 7.0 to 7.1) was prepared free of glucose, and the 
desired supplements were added prior to sterilization in the autoclave. To 
this sterile medium was added a sterile solution of glucose to provide a 
final concentration of 0.25 per cent of sugar. 

Growth tests were performed in Evelyn colorimeter tubes containing a 
final volume of 10 ml. In most experiments the inoculum consisted of an 
aqueous suspension of cells taken from the surface of a 24 hour slant of 
“complete agar” (0.5 per cent Bacto yeast extract, 0.3 per cent Bacto pep- 
tone, and 1.5 per cent Bacto-agar); the optical density of the inoculum 
suspension, as determined in an Evelyn colorimeter (filter No. 540), was 
adjusted to about 0.036, and 0.1 ml. (about 10° cells) of the suspension was 
added to each tube of test medium. The inoculated tubes were incubated 
at 30°, and growth was followed by periodic density measurements. For 
convenience, the absorbancy (optical density) of all cultures is given as 
. (2 — log galvanometer reading) X 10%. In Tables I to XI this is ab- 
breviated as D X 10%. The concentrations of substances are given as 
millimolar (mm) or micromolar (uM). 


Experiments with Strain K-12 


Under the conditions of these growth tests, strain K-12 is not inhibited 
by concentrations of pL-PS! (13) up to about 1 mm. At higher concentra- 
tions, an inhibition of growth is observed; this is characterized by a pro- 
longation of the lag phase of the growth cycle and by a decrease in the 
extent of growth, as measured by the maximal density attained by the 
culture (Table I). The generation time during logarithmic growth also 


1The pui-PS used in these studies was threo-phenyl-p.-serine. Through the 
courtesy of Dr. Jesse P. Greenstein, samples of all four diastereoisomers of PS (12) 
were made available to us for test with strain K-12. Only threo-phenyl-u-serine 
exerted an inhibitory action; its p enantiomorph and both isomers of the erythro 
series had no effect on growth. 
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is slightly prolonged in media containing PS; e.g., in the experiment sum- 
marized in Table I, the generation time in the presence of 2.75 mm PS 
was about 200 minutes compared to the normal time of about 120 minutes. 

The data in Table II show the antagonism between PS and L-PA or L-T. 
It may be seen that the maximal density attained by cultures grown in 
the presence of PS and relatively low concentrations of PA is below that 
of the control, z.e. the culture in a basal medium devoid of all aromatic 
amino acids. However, when the concentrations of PA are relatively high, 
the maximal density is significantly greater than that of the control. Such 
increased growth in the presence of large amounts of PA is also observed in 
media devoid of PS. The maximal density attained by cultures provided 
with T in place of PA follows the same pattern, but T is much less effec- 




















TABLE | 
Inhibition of Growth of Strain K-12 by Phenyl-pu-serine 
D X 108* | D X 10* 

PS —_—— —— PS |— ———$—_____-. 

24 hrs. | 41 hrs. | | 24 hrs. 41 hrs 
| a crt a ae | 7 =: 
0 | 143 149t 2.75 22 97 Tf 
0.55 101 | 131f 4.14 0 79T 
0.83 100 =| s(«100¢— si 5.5 0 | — 60t 
1.65 39 99T 11.1 0 11 





*D = (2 — log galvanometer reading). 
+t Maximal optical density attained by the culture. 


tive than PA in antagonizing the inhibitory action of PS. In this connec- 
tion, it is of interest that the T auxotroph of strain K-12 is much more sen- 
sitive to PS than is the PA auxotroph. At 5.5 mm PS, where the inhibitory 
effect of the antimetabolite can be overcome by 10 um PA in 24 hours or by 
10 um T in 42 hours, 10 um L-tryptophan shows no significant antagonism 
to PS. 

Although T is relatively ineffective as an antagonist to PS, the presence 
of 10 um T in media containing 5.5 or 8.3 mm PS reduces by about 50 per 
cent the amount of PA required to overcome completely the inhibitory 
effects of PS (Table II). However, at higher concentrations of PS, the 
addition of T to media containing PA and PS produces an increase in the 
extent of PS inhibition. In the absence of PS, T does not cause any in- 
hibition. These data also may be interpreted as showing the marked 
sparing action of PA on the amount of T required to reverse PS inhibition; 
thus, even with 11.1 and 16.5 mm PS, strain K-12 grows better on the 
mixture of PA and T than it does on unsupplemented T. 
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As will become apparent from later sections of this communication, the 
PA auxotroph, like strain K-12, shows increased inhibition of growth jn 
media containing both T and PS. The action of T in enhancing the PS 


TABLE II 


Reversal of Phenyl-pu-serine Inhibition of Strain K-12 by u-Phenylalanine and 
L-T yrosine 





























Reversal by PA Reversal by T Reversal by PA + T 
PS | | Dx 10" | Dx 10" ~— | D x 10" 
| PA | T - PA T asad 
| | 24 hrs. | 42 hrs. 24 hrs. | 42 hrs. | 24 hrs. 
me | oe | | | nm ee a ae " 
0 0 | 14 1174 | +O | 14 | 174 0 0 | 149 
| 10 0 | 168 
| 10 500 186 
2.75 | 1.2 | 72 | 146 2.5 | 86 | 155 | 
2.5 | 108 | 155 5 | 12 | 177 | 
5t 152 | 180 10 | 131 | 202 | 
10 176 | 212 50 =| «161 =| 237 | 
5.5 2.5 s1 | 119 5 | 22 | 149 2.5 10 | 16 
5 125 | 150 10 | 28 | 186 5 10 | 152 
10 156 | 190 | 100 21 | 208 10 10 | 174 
500 | 137 | 233 
| 
8.3 | 2.5 | 5 |107 | 10 | oO |149 | 5 10 | 131 
| 5 | 106 | 124 20 0 | 179 10 10 | 160 
| 10 | 149 | 162 50 0 | 184 
| 50 | 222 | 220 | 500 | 26 | 252 
11.1 | 5 | 80 | 119 me: ieug St | 10 10 | 145 
10 | 138 | 158 mm ) @ ) ae) 2 50 125 
| 20 189 | 220 | 10 | O |124¢| 10 | 100 | 109 
| 500 0 94¢ | 10 500 50 
| | 
16.5 | 10 | 76/15 | 50 | O 6t| 10 | 5 43 
|} 20 | 161 | 188 | 10 100 | &@ 
| 50 | 197 | 214 10 | 100 12 
| | | | 
33.1 | 20 | oO | 73t| 
| 50 28 | 194t 
*D = (2 — log galvanometer reading). Except where otherwise noted, the 


values for the 42 hour readings represent the maximal optical densities attained by 
the cultures. 

t The figures in bold-faced type represent the concentration of PA or T required 
for normal growth in 24 hours in media containing PS. 
¢ The culture had not yet attained maximal optical density. 
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inhibition of the growth of strain K-12 and of its PA auxotroph is similar 
to the synergistic action of T and PS in preventing the growth of a strain 
of E. coli previously rendered sensitive to T (8). 

According to the theory of inhibition analysis (14), the finding that PA 
and T each act as a competitive antagonist of PS suggests that, for strain 
K-12, PS inhibits (a) the utilization for growth of both exogenous PA and 
exogenous T or (b) the utilization of only PA, which may be derived from 
exogenous T, or (c) the utilization of only T, which may be derived from 
exogenous PA. If hypothesis (a) is correct, it must be assumed further 
that PA and T are interconvertible, because either amino acid by itself can 
prevent PS inhibition. Since PA is the more effective antagonist, it may 
be inferred that the conversion of T to PA is “less efficient” than the re- 
verse reaction, although this does not imply that the reactions by which 
T is converted to PA occur by a direct reversal of the pathway leading 
from PA to T. Hypothesis (b) would explain why T is less effective than 
PA, and differs from (a) only in the supposition that PA is not converted 
toT. In view of the relatively small activity of T as an antagonist to PS, 
the probability that hypothesis (c) is correct seems remote, and it will not 
be considered further. 

Common to both hypotheses (a) and (6b) is the suggestion that strain 
K-12 can derive PA from T if the organism is forced to do so. This may 
be the case during cultivation in a medium containing PS, where the 
amount of PA required by the cells to overcome the effect of the inhibitor 
would be much greater than that required for normal growth. Although 
the conversion of T to PA has not been encountered previously in E. coli, 
and its occurrence is not supported by data from growth experiments with 
auxotrophs of either strain K-12 (1, 2) or strain W (5), the results of the 
present studies suggest the possibility that it may, in fact, take place. 


Experiments with Tyrosine Auxotroph of Strain K-12 


The T auxotroph (strain 58-5030) requires for growth an exogenous 
source of L-T, and this requirement is neither replaced nor spared by L- 
PA (1). The effect of PS (5.5 to 16.5 mm) on the growth response to a 
variety of concentrations of T is shown in Table III. At all concentrations 
of T tested, PS caused a prolongation of the lag period. However, at 
suboptimal concentrations of T, PS also exerted a sparing action on the T 
requirement. It is unlikely that PS can be converted by the bacteria to 
T, and the effect of the antimetabolite may be to permit the more efficient 
utilization of exogenous T; possibly PS interferes with some catabolic re- 
action by which T is destroyed during the period prior to active cell multi- 
plication and protein synthesis. 

The T auxotroph is much less sensitive to PS than is its parent strain 
K-12. It is improbable that this relative insensitivity is a consequence of 
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the presence of T in the culture medium, since 5.5 mm PS has relatively 
little inhibitory action on the growth of the mutant in media containing 
only 5 or 10 um T but is strongly inhibitory to the growth of strain K-12 
in a medium containing 100 um T (Table II). The T auxotroph proved to 
be more sensitive to PS than is the PA auxotroph. In this connection, it 


























Tas_e III 
Effect of Phenyl-pu-serine on Growth of Tyrosine Auxotroph 
| D x 10" | | Dx 10 
T nk T PA PS 
17 hrs. | 24 hrs. | 41 hrs.f | 17 hrs. | 24 hrs, 
uM mM uM uM uM es 
5t 0 49 60 66 5 0 0 60 60 
5.5 21 66 84 0 8.3 30 71 
8.3 7 56 92 5 8.3 56 71 
10} 0 67 109 161 10 0 0 97 102 
5.5 4 114 179 0 8.3 36 106 
8.3 8 84 189 1 8.3 50 100 
5 8.3 85 119 
20t 0 7 179 237 10 8.3 96 111 
5.5 40 174 237 
8.3 14 128 237 20 0 0 97 168 
0 8.3 41 168 
100 0 69 215 252 1 8.3 43 163 
5.5 64 215 260 2.5 8.3 76 180 
8.3 18 166 244 5 8.3 | 98 | 187 
500 0 | 97 229 252 
8.3 68 233 284 | 
16.5 0 22 | 244 




















*D = (2 — log galvanometer reading). 

¢ All the cultures had attained maximal optical density by 41 hours. 

t 16.5 mm PS completely inhibited growth for at least 24 hours, but permitted 
maximal growth by 41 hours. 


is of interest that the inhibitory effect of PS on the growth of the T auxo- 
troph is reversed much more readily by PA than by T (Table III). 
Because of the inability of the T auxotroph to synthesize T from PA or 
from the carbon and nitrogen compounds of the basal medium, the action 
of PS may be ascribed either to an inhibition of the utilization of both T 
and PA or to an inhibition of PA utilization. The auxotroph presumably 
differs from strain K-12 only in its inability to synthesize T (and biotin), 
and it is probable that in the mutant, as in the wild type strain, PA util: 
zation is the principal metabolic process inhibited by the antimetabolite. 
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This hypothesis again includes the assumption that, in a medium contain- 
ing PS, T can be used as a source of PA. However, under normal condi- 
tions the existence of such a metabolic conversion as an obligatory step in 
amino acid metabolism appears to be excluded, since PA has no sparing 
action on the T requirement of the auxotroph cultured in the absence of 


PS. 


Experiments with Phenylalanine Auxotroph of Strain K-12 


The PA auxotroph (strain 58-278) requires for growth an exogenous 
source of t-PA which may not be replaced, even in part, by T (1). Di- 
phasic growth curves are obtained when this mutant is cultured in a me- 
dium containing suboptimal concentrations of PA; the curves show an 
initial rise (generation time, 120 minutes) to a “primary maximum”? char- 
acteristic of the initial PA concentration, followed by a “plateau” and a 
second rise (generation time, 240 minutes). As reported previously (2), 
the initiation of ‘“‘secondary growth”’ is not a consequence of the loss of the 
PA requirement, but represents a utilization for growth of material that 
is accumulated in the culture medium during primary growth. 

Effect of Phenyl-pu-serine on Primary Growth—The data in Table IV 
show that the initiation of the primary growth of this auxotroph on an 
exogenous source of PA is inhibited by PS. The presence of inhibitory 
concentrations of PS does not decrease the maximal optical density at- 
tained by the cultures as a result of primary growth. However, as will 
be discussed below, even at PS concentrations that do not delay the initia- 
tion of primary growth the antimetabolite inhibits the initiation and ex- 
tent of secondary growth. 

T (5 to 5000 um) does not relieve the inhibition of primary growth caused 
by PS. Indeed, the addition of T to a medium containing PS in concentra- 
tions devoid of inhibitory action induces an inhibition of growth (Table 
IV). u-Tryptophan was found to exert a similar synergistic effect in com- 
bination with PS. The inhibition due to mixtures of PS and T or trypto- 
phan is not observed in the absence of PS. 

It appears that PS does not interfere with the utilization of T by the 
PA auxotroph but blocks the normal utilization of exogenous PA. Since 
it had already been shown (2) that the PA auxotroph can synthesize T 
from ammonia nitrogen supplied in the basal medium, and does so to an 
extent incompatible with the utilization of the aromatic skeleton of the 
exogenous PA as the precursor of T, the conversion of PA to T cannot be 
one of the reactions that is sensitive to PS. (This conclusion is also ap- 
plicable to the data obtained with strain K-12.) 

These results permit a description of the mechanism of PS action for the 
PA auxotroph, as shown in the accompanying scheme. The fact that this 
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mutant cannot synthesize PA during primary growth may explain why T 
does not have any antagonistic action toward PS, for, even if the presence 
of PS in the medium increases the amount of PA required for norma] 
growth and thus forces the reversal of the process by which T is formed 
Inhibited by PS 

| 

| 


— utilization for growth 
| 


PA 





Blocked in| PA auzotroph 











— Precursor —— > T —————> up tilization for growth 
Tryptophan — utilization for growth 


from the “precursor” in an attempt to satisfy this requirement, the auxo- 
troph does not possess the ability to convert the precursor to PA. The 
synergism between T and PS may also be explained by the scheme if it is 
assumed (a) that the precursor accumulates in the medium or is converted 
to some other compound that accumulates in the medium, (b) that the 
material which accumulates is a growth inhibitor (15-17) if present in high 
concentrations, and (c) that the amount of this toxic material is increased 
when T is present in a medium containing PS. An analogous hypothesis 
also may explain the tryptophan-PS synergism. 

The reactions shown in the scheme would also be expected to occur in 
strain K-12, but with this organism the toxic material should not ac- 
cumulate in the medium to any large extent, since strain K-12 can convert 
the precursor to PA. However, if the utilization of PA is inhibited by 
high concentrations of PS, and at the same time the formation of large 
‘amounts of toxic material is induced by high concentrations of T, there 
can result a synergistic action between PS and T such as was described 
above (Table II). A synergism between PS and T would not be seen with 
the T auxotroph if the over-all reaction T — precursor involves a direct 
reversal of the metabolic step that is absent in this mutant. 

In their consideration of the action of T as an inhibitor of the growth of 
the T-sensitive strain of FZ. coli, Beerstecher and Shive (8) suggested that T 
acted to prevent the normal biosynthesis of PA because the inhibition by 
T was prevented completely and in a non-competitive manner by PA. In 
the scheme proposed above to explain the synergism between T and PS 
in strain K-12, T per se is not serving to prevent PA synthesis, but is fore- 

ing the synthetic pathway in a direction leading to the production of a 
toxic intermediate or by-product. 

Secondary Growth of Phenylalanine Auxotroph—The secondary growth of 
the PA auxotroph occurs readily in the basal medium of Gray and Tatum 
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(11), which has a total phosphate concentration of about 0.025 m. In 
the medium described by Monod ei al. (18), in which the concentration of 
phosphate is about 0.1 M, the initiation of secondary growth is greatly 


TaBLe IV 
Effect of Phenyl-pu-serine on Primary Growth of Phenylalanine Auzxotroph 
D X 108* a D X 108* 
- ) = PA Tt pe arg a Ene 
17 hrs. 24 hrs. 17 hrs. | 24 hrs. 
— — — — — | 
uM | mM uM | pM uM mM | 
25 | 0 | 2 | 28 | 5 | 0 | | 0 56 60 
| 5.5 | 21 | 2 | | 50 8.3 0 | 41 
| 83) 7] 4 | | | 
| | 10 | O 0 100 | 121 
5 o | 43 | 66 | | 50 8.3 88 | 115 
8.3 | 41 | 66 | | 100 | 8.3 60 | 112 
| 16.5 | 7 9 
| | | 20 | O 0 179 | 246§ 
0 | 0 81 | 112 | Fe. 8.3 | 171 | 179 
| 8.3 | 92 | 11 | | 200 |} 8.3 | 168 | 179 
| 16.5 | 13 86 | | 
| | oe Of 60-) 6) eee 
20 0 | 92 | 180 | | 10 0 5.5 | 82 105 
16.5 93 | 187 | 50 0 5.5 | 16 | 97 
| | 100 0 5.5 9 36 
40 0 07 | 242 | 5 0 11.1 32 | 111 
| 16.5 | 174 | 276 SS -on | 11.1 9 | 90 
33.1 12 97 | 50 0 11.1 0 13 
0 5 11.1 37 | 111 
100 33.1 36 | 301 0 10 11.1 18 | 108 
200 33.1 86 | 328 
500 33.1 137 | 314 





*D = (2 — log galvanometer reading). The density attained by the cultures at 
the primary maximum of the growth cycle in the absence of PS is shown in bold-faced 
type. 

t Neither T nor tryptophan has an inhibitory effect on growth in media free of 
PS. 

t The concentrations of PS used in these tests do not. inhibit the initiation of 
primary growth in the absence of T or tryptophan. 


§ This culture had completed the second phase of its growth cycle by the 24 hour 
measurement. 


delayed. For example, in the presence of 2.5 um PA, the plateau in the 
low phosphate medium lasts for about 10 hours but extends over a 30 hour 
period in the high phosphate medium; with an initial PA concentration of 
5 um, the plateaus last 7 and 12 hours, respectively. In each medium, the 
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duration of the plateaus decreases as the initial concentration of PA js 
raised. However, the optical density at the maximum of primary growth 
induced by a given concentration of PA is identical for the two media. 

The facts given above, taken in conjunction with the observation that 
the duration of the plateau in the low phosphate medium can be decreased 
by lowering the initial pH of the medium from 7.0 to 6.5, indicate that the 
initiation of secondary growth is favored by an acid environment. These 
findings are in accord with the recent report of Davis (19) that a PA 
auxotroph of strain W accumulates a substance (‘“‘prephenylalanine”’) that 
is very labile to acid and, at pH 6.0 to 6.5, gives rise within a few hours to 
another compound having growth factor activity for PA-requiring strains; 
the microbiologically active product formed from “prephenylalanine” js 
reported to be phenylpyruvic acid. 

The accumulation, during the primary growth of the PA auxotroph of 
strain K-12, of material having growth-promoting properties for this mu- 
tant was reported several years ago (2). The further study of this phe- 
nomenon has shown that, when sterile filtrates prepared from cultures at 
the completion of primary growth are reinoculated with cells harvested 
from a complete agar slant, the initiation of bacterial growth does not oe- 
cur for about 20 hours; if the filtrate is supplemented with PA, the lag 
time is reduced to about 10 hours. The growth rate in the unsupple- 
mented culture filtrate is slow (generation time, 4 to 5 hours), but the 
growth follows a monophasic curve with a final optical density equal to 
that characteristic of growth in the presence of optimal concentrations of 
PA. Therefore, culture filtrates prepared at the time of the primary maxi- 
mum probably do not contain significant amounts of free PA, and the 
biologically active material present in the filtrates is utilized for growth 
only after a preliminary “adaptation” period. 

Apparently cells grown to the primary maximum on suboptimal concen- 
trations of PA retain within them, or adhering to their surface, some of 
the growth-promoting material. This is suggested by the observation that, 
if the cells are collected by centrifugation and resuspended in sterile basal 
medium, they begin to grow after a lag time of about 22 hours (Table V). 
Washing the cells prior to resuspension in the basal medium prolongs the 
lag time. Such growth is not observed if only about 1 per cent of the cells 
obtained by centrifugation is transferred to the fresh basal medium, and 
cells taken from a complete agar slant do not grow in the basal medium. 
It has recently been reported (20) that, when a PA auxotroph of E. coli 
communior is cultured on a “complete” medium, the cells are deficient in 
some of the metabolic activity displayed by cells harvested from a minimal 
medium supplemented with PA. 

It may be seen from Table V that the addition of PA to cultures of the 
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PA auxotroph of strain K-12 after they have attained the primary maxi- 
mum results in an immediate initiation of growth. When the cultures are 
centrifuged and the cells resuspended in a fresh medium containing PA, 
the onset of growth is evident after only a short lag period. This im- 
mediate response to PA also is observed when PA is added to cultures at 
the end of the plateau (7.e. at 30 hours); in this case, the response to PA 
is easily differentiated from secondary growth, both by the rate of growth 


TABLE V 
Secondary Growth of Phenylalanine Auzxotroph 


Cells from a complete agar slant were inoculated into a series of tubes containing 
the basal medium supplemented with 5 um PA. After 24 hours (i.e. at the end of 
primary growth), all the cultures were centrifuged. The tubes labeled ‘“‘control’”’ 
were shaken to resuspend the cells in the supernatant medium. The supernatant 
fluid was decanted from the cells in all the other tubes. The further treatment of 
each culture is indicated in the table. 


D X 10** at various times after resuspension of cells 


| 
| 0.5 hr. | 2.5 hrs. 


| 
5.5 hrs. | 9.5 hrs. ay |29 ake hrs. 
| rs. | 


Treatment of centrifuged cells 








146 | 237 
240 | 229 
69 | 89 | 216 


Control; no addition . 

“ addition of PAT 
Resuspended in basal medium 
Washed, then resuspended in basal me- | 


68 72 76 78 | 
| 
| 

| | | 
| | 
dium..... | 56 | 56 | 56 | 57 | 57 
| 
| 
| | 


| 
| 

comer (OM Se Ci 
| 60 84 114f | 131 


64 63 62 | 58 














71 | 194 
Resuspended in PA mediumft | 57 76 97¢ | 97f | 131 | 201 | 
Washed, then resuspended in PA me- | 
diumt ... 52 | 86 | 97¢| 97t | 131 | 201 








*D = (2 — log galvanometer reading). 
t The concentration of PA in the medium was 5 uM per liter. 
{ Region of short plateau in growth curve representing the end of growth on newly 


added PA. 


and by the fact that the growth curve shows a new plateau at an optical 
density characteristic of the total amount of PA that has been provided. 
Thus, despite the fact that the cells are ready to undergo secondary growth 
at the time of the addition of PA, their ability to utilize exogenous PA is 
unchanged. 

Effect of Phenylserine on Secondary Growth—The secondary growth of the 
PA auxotroph was found to be much more sensitive to the inhibitory ac- 
tion of PS than is primary growth (Table VI). Inhibition of secondary 
growth can be induced by the addition of PS to the medium at the time 
of inoculation, or at later times corresponding to the end of primary growth 
or to the initiation of secondary growth. However, the degree of inhibi- 
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tion (measured by the effect on the duration of the plateau and on the 
extent of secondary growth) is greatest if PS is present in the medium from 
the time of inoculation. When PS is added after growth on exogenous 
PA has been completed, secondary growth is initiated within the normal 
time, but continues for a short period only and then ceases. This may 
indicate either that PS prevents the reactions by which endogenous PA is 
synthesized for secondary growth or that it prevents the utilization of this 
PA. The data in Table VII suggest that the latter explanation is the more 
probable one. 


TaBLe VI 
Effect of Phenyl-pu-serine on Secondary Growth 









































D X 10%* at various concentrations of PA 

PS Sum PA 10 um PA’ 20 um PA wa 

24 hrs. | 41 hrs.| 48 hrs. | 24 hrs.| 41 hrs. | 48 hrs. | 24 hrs. | 41 hrs. | 48 hrs. 
mae DR Woy l | 
0 56t | 90 | 137 | 112¢| 233 | 215 | 180¢| 260 | 252 
§.5 66 | S.i 102 122 137 155 215 215 
8.3 66 50 50 111 114 | 125 180 244 | 244 
16.5 4st | 46 | 53 | 86 | 88 | 80§| 187 | 201 | 197 





* D = (2 — log galvanometer reading). 

+ Maximum for primary growth of the culture. 

t PS inhibitory to primary growth of the culture. 

§ The optical density of the culture at 65 hours showed that marked secondary 
growth had occurred. 


The data for Experiment 1, Table VII, show that primary growth in the 
presence of PS not only alters the ability of the cells to undergo secondary 
growth but also alters their ability to utilize a fresh exogenous supply of 
PA. On the other hand, when additional PA is supplied to the culture be- 
fore the primary growth in a medium containing PA and PS has ceased, 
the PA is utilized normally but the culture shows abnormal secondary 
growth, once the additional PA has been used up. The data for Experi- 
ment 2, Table VII, show that, even after transfer to fresh media devoid of 
PS, cells grown in the presence of PS exhibit an impaired ability to undergo 
secondary growth and to utilize exogenous PA. It would appear, there- 


fore, that the cells are able to ‘‘concentrate” PS from the medium, and 
that the intracellular concentration of the antimetabolite at the time of 
the primary maximum must be such that the cells are no longer able to 
utilize normally a fresh supply of PA. 

Although T was found to enhance rather than to relieve the PS inhibi- 
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tion of primary growth, it seemed desirable to determine whether the 
amino acid could alleviate PS inhibition of secondary growth. When T is 
initially present in the medium at the relatively low concentrations that 



































TaBLe VII 
Ability of Cells Grown in Presence of Phenyl-pu-serine to Utilize L-Phenylalanine 
Ex PS in Treatment of culture* D X 10° at various times after inoculationt 
peri- | initial 
Be) tn me |] | | 
me mM hrs 
1|0 None 60t 73 119 | 199 | 210 
8.3 % 59 66 81 | 130 | 140 
0 Addition of PA 24 | 60 | 115§ 189 | 207 | 205 
8.3 3 =~ 24 | 59 77 111 | 150 | 154 
0 2 as 30 | 63 76 | 139 225 | 225 
8.3 = Sh et 30 64 70 73 133 | 135 
0 “and PSII 30 | 66 | 82 | 155 206 | 206 
210 None 68 70 7 146 | 237 
8.3 . 64 60 59 54 579 
0 Culture centrifuged, and 24 | 64 62 58 69 899 
8.3 washed cells resuspended | 24 | 64 59 54 52 56 
in basal medium 
0 Culture centrifuged, and 24 | 57 97§ | 97§ 131 | 201 
8.3 washed cells resuspended | 24 | 57 54 86 109§ | 1244 
in PA medium | 























* The initial medium was 5 um with respect to PA. The amount of PA added 
after the completion of primary growth was sufficient to provide a concentration of 
5 uM. 

t D = (2 — log galvanometer reading). The density of the culture immediately 
after the indicated addition is shown in bold-faced type. 

t Maximum for primary growth of the culture in the presence of 5 um PA. 

§ Region of second plateau in growth curve representing the end of growth on the 
fresh supply of exogenous PA. 

|| The concentration of PS in the medium was 8.3 mm. 


{ The optical density of the culture at 68 hours showed that marked secondary 
growth had occurred. 


do not show synergistic action with PS, it has no effect on the inhibition of 
secondary growth by 8.3 or 11.1 mm PS. _ T also was tested at higher con- 
centrations (up to 500 um) by addition to cultures grown to the primary 
maximum in the presence of 5 um PA and 8.3 or 11.1 mm PS; again T had 
no stimulatory effect on the secondary growth of the auxotroph. 

Utilization of Phenylpyruvic Acid—The PA auxotroph had been found 
(1) to grow in a medium containing filter-sterilized samples of phenyl- 
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pyruvic acid (PP), but the growth-promoting action of the keto acid 
(estimated as the molar concentration sufficient to support half optimal 
growth after 24 hours incubation) was much less than that of PA. The 
growth response of the mutant to various concentrations (5 to 400 um) of 
PP (21) has now been studied as a function of time, with media of pH 
7.1 and pH 6.5. 

The concentrations of PP and PA required for half optimal growth in 24 
hours were found to be 61 um PP and 11 um PA at pH 7.1, and 34 um PP 
and 9 ym PA at pH 6.5. The apparent improvement in PP utilization in 
the acid medium may be explained entirely by the fact that the lag peri- 
ods of the growth curves are considerably shorter at pH 6.5 than at pH 
7.1. However, at both pH values the duration of the lag periods decreases 
as the initial concentration of keto acid is increased; thus, for example, 
at pH 6.5 and 20 um PP the lag time was about 17 hours and with 40 
um PP it was 8 hours; at pH 7.1, the lag times were 23 and 16 hours, re- 
spectively. 

The growth curves for all concentrations of the keto acid are monophasic 
and rise to a maximal density equal to the maximum attained by cultures 
grown on optimal concentrations of PA. With 100 um PP the growth 
curve is identical in all respects to that for optimal (40 um) PA, but, at 
lower concentrations of keto acid, not only are the lag periods longer than 
those for equivalent concentrations of PA but the generation times for 
PP are 1.5 to 2 times greater than the generation time for primary growth 
on PA. 

A comparison also was made of the growth response of inocula consisting 
of cells taken from a complete agar slant with that of cells grown in basal 

_media containing 40 um PA or 100 um PP. The concentrations giving 
half optimal growth at pH 7.1 in 24 hours were, for the inoculum from 
complete agar, 12 um PA and 55 um PP, for the inoculum grown on PA 10 
uM PA and 31 um PP, and for the inoculum grown on PP 10 um PA and 24 
um PP. The growth response to PP cannot, therefore, be considered to 
be the result of an ‘‘adaptive”’ process. 

The fact that even in the presence of 5 um PP the growth curve is mono- 
phasic and attains a final maximum equal to that of primary growth on 
40 um PA (or of primary plus secondary growth on suboptimal concentra- 
tions of PA) suggested that the initial growth response to the keto acid 
may be similar to the secondary growth observed with PA. The uninter- 
rupted growth to full maximum on 5 um PP might result from the initial, 
slow utilization of exogenous PP, followed immediately by the utilization 
of the material that is produced by the cells and that makes possible the 
usual secondary growth in cultures containing suboptimal PA. A study 
was made, therefore, of the growth of the auxotroph on mixtures of PA and 
Pr. 
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The data for Experiment 1, Table VIII, show that, on the basis of the 
24 hour measurements, PP exerts a sparing effect on the PA requirement 
of the mutant. The growth curves for the mixtures are diphasic, but 
they do not have the extended plateau characteristic of growth on unsup- 
plemented PA. Furthermore, the change from primary growth (utiliza- 
tion of PA) to the second phase of the growth curve (utilization of PP fol- 
lowed by “true” secondary growth) becomes more rapid as the initial 


























TasLe VIII 
Growth Response to Mixtures of u-Phenylalanine and Phenylpyruvic Acid 
Initial medium D X 10°* 
Experiment Addition at 
No. ] 24 hrs. 
pH | PA PP 17 hrs. | 24 hrs. | 30 hrs.| 35 hrs. | 47 hrs. 
uM uM 
1 6.5 2.5 0 25 36T 45 64 215 
5 0 46 60¢ | 100 158 196 
2.5 2.5 28 43 60 94 215 
2.5 5 32 56 71 105 194 
2.5 | 10 41 84 115 194 190 
2 6.5 5 0 None 62t 77 131 
5 0 PAt 76 141§ | 206 
5 0 PPt 62 86 163 
3 74 5 0 None 66t 74 85 180 
5 5 sig 81 97 119 240 
5 0 PAt 59 109 131 240 
| 5 0 PPt 60 69 81 186 


























* D = (2 — log galvanometer reading). The density of cultures immediately after 
the indicated addition is shown in bold-faced type. 

t+ Maximum for primary growth of the culture. 

t The concentration of the supplement was 5 uM. 

§ The growth curve for this culture showed a plateau at an optical density of 0.11, 
representing the end of growth on the fresh supply of exogenous PA. 


concentration of PP is increased. The rapid transition from the utilization 
of PA to the utilization of PP occurs only when the cells are cultured in 
mixtures of the two compounds (Table VIII, Experiments 2 and 3). 

As noted earlier, at some concentrations of PS only the secondary growth 
of the PA auxotroph is inhibited. These concentrations of PS have been 
found to cause a marked prolongation of the lag period of growth on PP; 
the extent of this growth inhibition varies inversely with the PP concen- 
tration (Table IX, Experiment 1). The growth curves for media contain- 
ing PS and PP are all monophasic. It was also observed that the presence 
of PP in a medium containing PS and PA relieves the PS inhibition of 
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secondary growth. However, when PP is added to cultures after they 
have attained the primary maxima, the capacity of the keto acid to antag. 
onize PS is reduced (Table IX, Experiment 2). Consequently, cells grown 
on PA in the presence of PS show an impaired ability to metabolize an 

















TaBLe IX 
Reversal of Phenyl-pu-serine Inhibition by Phenylpyruvic Acid 
Initial medium D X 10° 
Experi- Addition at 
ment No. 24 hrs. 
pH PA PP PS 24 hrs. | 29.5 hrs.| 35 hrs. | 47 hrs. | 54 hrs, 
pM pM ™M 
1 6.5 5 0 60 | 100 158 185 190 
5 11.1 59 63 63 67 80 
40 0 214f 
5 0 0 0 30 130 180 
> 1244 0 0 0 0 0 
10 0 0 22 63 195 
mm. | Si.i 0 0 0 0 67 
20 0 25 92 158 193 
20 | 11.1 6 77 149 188 190 
40 0 220 196 
40 | 11.1 149 180 180 
2 78 5 0 0 None 62t 69 80 200 202 
5 0 8.3 Hic 60 57 57 55 7 
5 5 0 “4 75 85 105 215 201 
5 5 8.3 = | 71 72 77 138 161 
5 0 0 PAt 60 110 131 240 229 
5 0 8.3 ee 60 60 78 125 137 
5 0 0 PPT 57 68 84 208 204 
5 0 8.3 ee 60 60 60 86 104 



































* D = (2 — log galvanometer reading). The density of the culture immediately 
after the indicated addition is shown in bold-faced type. 

¢ Maximum for primary growth of the culture. 

t The concentration of supplement was 5 uM. 


exogenous supply of PP as well as to undergo secondary growth or to 
metabolize an exogenous supply of PA. 

The antagonism of PS by PP was to be expected if the keto acid serves 
as a precursor of PA, and the mechanism of PS action proposed in the 
scheme given above can be applied equally well to the relationship between 
the inhibitor and PP. The PS inhibition of the initiation of the growth of 
the PA auxotroph in a medium containing a PA precursor such as PP (and 
perhaps T) may be accompanied by the accumulation of PA in the me- 
dium; when the amount of PA formed is equal to the concentration re- 
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quired to overcome the PS inhibition, growth begins. This hypothesis has 
not yet been subjected to experimental test. The assumption may also 
be made that, if the initiation of secondary growth is inhibited by PS only 
because the antimetabolite interferes with the utilization of endogenous 
PA, the cells should continue to synthesize material with PA activity dur- 
ing the prolonged plateau induced by PS. As will be discussed below, at- 
tempts to demonstrate unequivocally the accumulation of such material 
during the prolonged plateau induced by PS have not yet been successful. 

It was inferred from the initial observation (1) that PP possessed growth- 
promoting activity for the PA auxotroph that this mutant could convert 
the keto acid to PA. Studies (22, 23) on the growth of several gram-posi- 
tive organisms made it appear likely that the auxotroph of strain K-12 
converts PP to PA by a transamination reaction. Enzyme systems that 
catalyze transamination reactions involving PP or PA as one of the reac- 
tion partners have been observed in £. coli strain B (24) and strain W 
(25). Studies in this laboratory have shown that both strain K-12 and 
its PA auxotroph can form PA from a mixture of PP and glutamic acid, 
and that this transamination reaction is not prevented by PS.? 

Because the growth response of the PA auxotroph to PP is in many re- 
spects similar to the secondary growth of this mutant, it seemed likely that 
secondary growth may be a consequence of the utilization of PP which is 
synthesized by the cells during growth on an exogenous source of PA. 
It is of interest, therefore, that, when culture filtrates prepared at the 
completion of primary growth are reinoculated with the PA auxotroph, 
the resultant bacterial growth follows a monophasic curve resembling a 
curve for a low concentration of PP. Furthermore, if such culture filtrates 
are supplemented with PA (final concentration, 5 um), the diphasic growth 
curves obtained show that the growth-promoting material in the culture 
filtrate, like PP, has both a slight sparing action on the utilization of exog- 
enous PA for primary growth and a stimulatory action on the initiation 
of secondary growth. These data, suggesting the possibility that the PA 
auxotroph forms PP from the carbon compounds supplied in the basal 
medium, were difficult to reconcile with the observation that the auxotroph 
is unable to grow in this medium in the absence of an exogenous supply of 
PA or PP. The apparent contradiction has been clarified by the finding 
of Davis (19) that PP is liberated on exposure to acid of the ‘tprepheny]- 
alanine” accumulated by a PA auxotroph of EZ. coli strain W. Presum- 
ably, the PA auxotrophs of strains K-12 and W (and also of E. coli com- 
munior (20)) make ‘“‘prephenylalanine” but are unable to convert it to 
PP; however, when the pH of the culture fluid falls to about 6.5, the “pre- 
phenylalanine” is spontaneously transformed to yield PP. The observa- 


*D. A. Smith, unpublished experiments. 
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tion that the duration of the plateau separating the primary and secondary 
growth phases of the PA auxotroph of strain K-12 is dependent upon the 
initial PA concentration is now readily understandable, since the number 
of cells in a culture that has attained its primary maximum would deter. 
mine the time required for the production of sufficient acid to liberate PP 
from the accumulated ‘‘prephenylalanine.”’ 

Response of Phenylalanine Ausxotroph to pi-Phenylglycine—A mutant of 
Neurospora crassa that requires for optimal growth an exogenous source 
of PA or T has been found (26) to accumulate large amounts of a com- 
pound identified as a-phenylglycine (PG). Under certain conditions, pi- 
PG could satisfy the PA and T requirements of this mutant, and PG also 
replaced PA and T as growth factors for a strain of Leuconostoc mesen- 
teroides. It was suggested by Haddox (26) that PG might be the substance 
responsible for the secondary growth of the PA auxotroph of £. coli strain 
K-12. Accordingly, pt-PG was tested both for its ability to replace or 
spare the PA requirement and for its effect on the secondary growth of the 
auxotroph. PG (0.01 to 2.0 mm) was found to be devoid of growth-pro- 
moting action, and at a concentration of 1 to 2 mm exhibited a slight in- 
hibitory action on secondary growth (Table X). In tests of the ability 
of PG to relieve the inhibition of secondary growth by 5.5 to 11.1 ma 
PS, PG did not show any antagonism to PS (Table X). 

PG also proved to be inactive as a growth factor for the T auxotroph, 
and, at a concentration of 2 mm, had an inhibitory effect on the utilization 
of T by this mutant (Table X). Because of the possibility that the PA 
and T auxotrophs were ‘genetically incapable” of converting PG to PA 
or T, PG was tested as an antagonist to PS with strain K-12. It did not 
reverse PS inhibition and, at some concentrations, served as an inhibitor 
of bacterial growth even in the absence of PS (Table X). 

Accumulation of Growth Factors—It was reported in 1950 (2) that during 
the secondary growth of the PA auxotroph there accumulates in the me- 
dium material with growth factor activity for the mutant. The study of 
this phenomenon has been extended, and the effect of PS on the accumula- 
tion has been investigated. 

Culture filtrates obtained at varying times between the completion of 
primary growth (24 hours) and the completion of secondary growth have 
been assayed for their ability to support the growth of the PA auxotroph. 
In the assay procedure used, aliquots of filter-sterilized preparations were 
added to 5 ml. of sterile, double strength basa] medium, and the final 
volume of the assay tube was adjusted to 10 ml. with sterile water. After 
inoculation, the optical density of the assay cultures was measured peri- 
odically to determine the height of the primary maximum of the growth 
curve and to observe secondary growth. For convenience, the growth 
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factor activity of filtrates, estimated from the optical density of the assay 
tubes at 24 hours, was expressed as micromoles of “PA” per liter of original 
filtrate. For the quantitative assay of the low activity of many of the 
filtrates, the basal medium was supplemented with PA (final concentration 



































TABLE X 
Response of Strain K-12 and Its Mutants to pu-Phenylglycine 
PG in bal D X 10% in absence of PS* |D X 10% in presence of PS* 
Strain initial Addition at 
. 24 hrs. 

mediam 24 hrs. | 32 hrs. | 48 hrs. | 24 hrs. | 32 hrs. | 48 hrs. 

ms an } 
PA auxotropht | 0 61 | 72 | 182 | 60¢| 67 | 125 

0.04 61 | 70 | 192 | | 
0.2 61 | 68 | 155 | 60t| 66 | 119 
1.0 55 62 108 55t | 63 | 96 
0 None 67 81 210 65§ | 72 | 105 
1.0 “ 64 | 76 | 174 | 72§| 77 | 124 
0 PG, 1 um 64 76 183 72§ 76 | 124 

T auxotroph]| 0 97 156 | 

0.02 94 155 

0.2 97 156 | 

2 48 96 | 
K-12 0 149 194 1184 182 
0.02 125 196 1169 | 182 
0.2 22 201 694 | | 196 

| 








*D = (2 — log galvanometer reading). 

+ All the tests on this mutant were carried out in a medium that was 5 um with 
respect to PA. 

t The concentration of PS used in the tests was 8.3 mM. 

§ The concentration of PS used in the tests was 11.1 mm. 


|| All the tests on this mutant were carried out in a medium that was 10 um with 
respect to T. 


§ The concentration of PS used in the tests was 5.5 mM. 


5 um) and the “extra PA” was determined. In a few cases, the filtrates 
were adjusted to pH 4 by the addition of concentrated hydrochloric acid 
and allowed to stand at room temperature for an hour prior to the assay 
(19). The acid treatment did not alter the activity of the filtrates so 
tested. 

The data in Table XI show the accumulation of growth factor activity 
in culture media after the completion of primary growth in the presence 
of5 um PA. In two of the experiments cited (Experiments 2 and 3), the 
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initial culture medium also was 8.3 um with respect to PS. Although the 
assays do not provide evidence that there is an accumulation of growth. 
promoting materials during the prolonged plateau induced by the presence 
of PS, the following observations may be cited in support of the view that 
such accumulation may occur. 


TasBLe XI 
Accumulation of ‘‘Growth Factors’”’ by Phenylalanine Auzxotroph 
All the filtrates were prepared from cultures grown in the presence of 5 um PA; in 
Experiments 2 and 3, 8.3 mm PS also was present in the medium. The assay tubes 
were made up to contain a final volume of 10 ml., which contained, in addition to 
the usual basal mixture plus aliquots of filtrate, the supplements listed for each assay 


procedure. Procedure 1, no supplement; Procedure 2, 5 um PA; Procedure 3, 5 ux 
PA and 8.3 mm P§; Procedure 4, 8.3 mm PS. 














Experi- |Incubation| D X 10% Assay Growth | Experi- lincubation| D X 108 | Assay Growth 
ment rior to rior to procedure factor * ment rior to rior to pro- factor 
No. Itration Itration activity No. Itration | filtration | cedure | activity* 
hrs. uM hrs. uM 
1 24 62 2 11 + 3 3 30 54 2 3§ 
3 l1I2+2 41 49 2 6§ 
30 84 1 17 + 3 48 47 2 7§ 
41 190 1 27 + 5 
51 255 1 |7+5 | 4 24 55 $ |\was 
4 70 + 10f 41 80 2 21 +5 
2t | 1743 
2 24 67 2 5 + 2 48 120 2 29 +1 
2t 5 + 2 72 185 1 37 +3 
42 71 2 7+1 2 39 +1 
48 70 2 8 + 2 90 185 1 48 +2 
2t 8+1 2 41 +1 





























* Expressed as concentration of PA. The figures represent the mean + the 
largest deviation from the mean for three or more assays on each filtrate. 

¢ Optical densities of assay tubes read at 48 hours rather than at 24 hours because 
of the prolonged lag period. 

{ Filtrate subjected to the acid treatment described in the text. 

§ Result of a single assay on 3 ml. of culture filtrate. The highest possible PS 
concentration in the assay tube was, therefore, 2.5 mm. 

|| Filtrates prepared from cultures grown in the basal medium of Monod (18). 


Undiluted filtrates of 24 and 30 hour cultures in a medium containing 
5 um PA and 8.3 mm PS did not support the growth of the PA auxotroph 
(incubation time, 70 hours). When such filtrates were supplemented with 
PA (final concentration 5 um), diphasic growth was observed after an initial 
lag time of normal duration. On the other hand, a filtrate prepared from 
a culture in the presence of PS at 48 hours, the time at which the culture 
was about to enter into secondary growth, supported the growth of the PA 
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auxotroph after a lag time of about 25 hours. If PA was added to this 
filtrate, primary growth was initiated within the normal time and the re- 
sultant growth curve was diphasic, having a primary maximum slightly 
above that characteristic of 5 um PA. Thus, the 48 hour filtrate appeared 
to have more growth factor activity than did the 24 and 30 hour filtrates. 
No attempt has been made to identify the material responsible for this 
activity; presumably, the material excreted by the cells is similar to, or 
identical with, the ‘‘prephenylalanine” described by Davis (19), and the 
growth factor activity is a result of the decomposition of the material to 
yield PP. 

Isolation of “Growth Factors” from Culture Filtrates—Attempts to isolate 
and identify the compounds responsible for the high growth factor activity 
of filtrates prepared at the conclusion of secondary growth (2) indicate 
that at least two such compounds are present in the filtrates. One of 
these has been identified by its chromatographic and microbiological ac- 
tivity as PA; the second appears to be a peptide-like substance (“peptide- 
growth factor”) that yields, on acid hydrolysis, PA and several other nin- 
hydrin-positive compounds. The culture filtrates also contain at least four 
other ninhydrin-positive compounds, one of which appears to be T; the 
identity of the others has not been established. 

For the isolation and identification of PA, T, and the “peptide-growth 
factor,” the following procedure has been used. The PA auxotroph was 
inoculated into 2 liters of medium (5 um PA) and, in order to increase the 
extent of secondary growth, the culture was incubated on a shaker at 35° 
for 48 hours, by which time secondary growth had reached its maximum 
(optical density 0.50). The pH of the culture was adjusted to 7 by the 
addition of 40 per cent sodium hydroxide, and the cells were removed by 
centrifugation. The supernatant fluid (“culture filtrate”) was concen- 
trated in vacuo (bath temperature, 35-40°) almost to dryness. The resi- 
due was extracted five times with 95 per cent ethanol to give 150 ml. of 
Extract A, which was again concentrated to dryness in vacuo. The residue 
of Extract A was reextracted with 100 ml. of ice-cold 95 per cent ethanol; 
the volume of this alcoholic solution was reduced in vacuo and adjusted to 
15 ml. (Extract B). 

Assays for the growth factor activity of the culture filtrate and of Ex- 
tracts A and B were performed on both filter-sterilized and autoclaved sam- 
ples of each test solution. The culture filtrates generally contained a total 
growth factor activity equivalent to about 100 um PA by either method of 
assay. In the most successful extraction of this activity, from a culture 
filtrate that was 102 + 10 um with respect to “PA” by assay of filter- 
sterilized samples and 108 + 6 uM by assay of autoclaved samples, the 
activity of Extract A corresponded to 74 + 3 micromoles of PA per liter 
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of culture filtrate by assay of filter-sterilized samples and to 88 + 8 uy 
PA by assay of autoclaved samples, and Extract B had activity correspond- 
ing to 58 + 4 micromoles of PA per liter of culture filtrate by assay of 
filter-sterilized samples and to 80 + 7 um PA by assay of autoclaved sam- 
ples. In another experiment in which the culture filtrate had activity 
equivalent to 114 + 4 micromoles of PA per liter of filter-sterilized filtrate 
and to 117 + 8 micromoles per liter of autoclaved filtrate, Extract B con- 
tained growth factor activity corresponding to 41 + 2 um PA by assay of 
filter-sterilized samples and to 61 + 12 wm PA by assay of autoclaved 
samples. It will be noted that the extraction procedure favors the isola- 
tion of material that attains full biological activity only after it has been 
heated in the autoclave. This material, as will be shown below, is prob- 
ably the ‘‘peptide-growth factor.” 

Preparative chromatograms of Extract B were made on large sheets of 
Whatman No. 3 paper with butanol-pyridine-water (5:2:3) as the solvent. 
Authentic samples of PA were chromatographed at the outer edges of the 
paper to serve as a point of reference in the location of the ninhydrin-posi- 
tive and microbiologically active materials on the chromatogram. Both 
these tests were performed on 1 cm. strips cut from the air-dried chromato- 
grams. The biological tests were made by suspending sections of the 
strip in the basal medium prior to sterilization in the autoclave. 

The results obtained with one preparation of Extract B may be cited as 
representative of the data obtained in several experiments. The prepara- 
tive chromatogram showed ninhydrin-positive areas with Rr values of ap- 
proximately 0.03, 0.11, 0.34, 0.46, 0.53, and 0.71; the Rr values of authentic 
samples of T and PA were 0.36 and 0.47, respectively. Microbiological 
tests showed that two areas of the chromatogram of Extract B contained 
material supporting the growth of the PA auxotroph; one area corre- 
sponded to an Ry of 0.44 — 0.49, and the second to an Rp of 0.64 — 0.76. 
The area containing the slower moving material (free PA) permitted visible 
bacterial growth in 24 hours, but about 50 hours of incubation were re- 
quired before growth became evident in the medium containing the sections 
of the chromatogram with the faster moving material (“peptide-growth 
factor”). The chromatogram also had growth-promoting activity for the 
T auxotroph in the area corresponding to Rr 0.30 — 0.41. Ninhydrin and 
microbiological tests on a chromatogram of Extract B run in a solvent 
composed of butanol, acetic acid, and water (5:1:1) confirmed the pres- 
ence of free PA and free T in the extract. 

In some chromatograms, the Rr of the “peptide-growth factor’ in the 
butanol-pyridine mixture was as high as 0.90. On these chromatograms 
the free PA of Extract B and authentic samples of PA were found at an 
Ry of about 0.58. Thus, the “peptide-growth factor” always migrates 
about 1.5 times faster than free PA. 
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For the further study of the “peptide-growth factor,” the area of the pre- 
parative chromatograms that contained the most rapidly moving growth- 
promoting activity was eluted in water. The volume of the “peptide- 
eluate” was adjusted to 7.5 ml. per liter of culture filtrate. Presumably, 
this eluate contained all the “peptide-growth factor” extracted from 1 
liter of culture filtrate. Although attempts to evaluate quantitatively the 
PA activity of the “peptide-eluate” were unsuccessful, it is of interest that 
growth of the PA auxotroph was observed after about 10 hours for 0.1 
ml. of autoclaved eluate and after 30 hours for 0.03 ml. of autoclaved 
eluate, but the lag period for a filter-sterilized sample of 0.1 ml. was about 
50 hours, and a filter-sterilized sample of 0.03 ml. did not permit growth 
in 70 hours. 

To study the acid lability of the “peptide-eluate,” one 0.5 ml. aliquot 
was made 7 N with respect to hydrochloric acid, and another was diluted 
with an equivalent volume of water. Both solutions were heated under 
a reflux for 18 hours, and the volumes of the solutions were then reduced 
to 0.5 ml. Samples (0.04, 0.06, and 0.08 ml.) of the “hydrolysate,” the 
“heated eluate,” and the untreated “peptide-eluate” were chromatographed 
in the butanol-pyridine solvent. All samples showed some ninhydrin-posi- 
tive material at Ry about 0.91; an authentic sample of PA had an R, of 
0.56. The heated control also showed a ninhydrin-positive spot at Rr 
0.11; this spot was present in chromatograms of the hydrolysate and in the 
0.08 ml. aliquot of the untreated eluate. The “hydrolysate” gave nin- 
hydrin-positive spots not only at Rr 0.91 and 0.11 but also at Rr 0.05, 0.16, 
and 0.56, and a long streak at Rr 0.33 to 0.44. Microbiological activity 
for the PA auxotroph was associated with the areas corresponding to PA 
and to the “peptide” on the chromatogram of the ‘‘hydrolysate,” but only 
with the area corresponding to the “peptide” on the chromatogram of the 
untreated ‘“‘peptide-eluate.” The further identification of the “peptide- 
growth factor” and of its degradation products is in progress. 


SUMMARY 


The inhibition by phenyl-p.-serine of the growth of Escherichia coli 
strain K-12 and of two mutants (a phenylalanine auxotroph and a tyrosine 
auxotroph) has been studied. The data obtained suggest that phenyl- 
serine inhibits the utilization of phenylalanine but not of tyrosine and that, 
in the presence of the antimetabolite, tyrosine may serve as a precursor 
of the phenylalanine required to overcome this inhibition. 

The growth response of the phenylalanine auxotroph to phenylpyruvic 
acid was found to be similar in several respects to the growth of this mu- 
tant during the second phase of its diphasic growth cycle in a medium 
containing suboptimal concentrations of phenylalanine. Confirmation is 
presented of an earlier report that culture filtrates collected at the end of 











724 METABOLISM OF ESCHERICHIA COLI 


the first phase of growth contain material which has growth factor activity 
for the mutant. Evidence also is presented to demonstrate the presence 
in culture filtrates collected at the end of the second growth phase of 
several ninhydrin-positive substances, including phenylalanine, tyrosine, 
and a “peptide-growth factor” from which phenylalanine is liberated by 
acid hydrolysis. 
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THE SYNTHESIS OF ALDOLASE AND PHOSPHORYLASE 
IN RABBITS* 


By MURRAY HEIMBERG{ anv SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, January 4, 1954) 


From a metabolic study of aldolase and glyceraldehyde-3-phosphate 
dehydrogenase with labeled amino acids in rabbits evidence was obtained 
(a) that both proteins are formed from the same pools of amino acids, (b) 
that the two proteins turn over at different rates, and (c) that a given 
amino acid in one protein is replaced at the same rate in all of the positions 
in which it occurs (1). The interpretation of these results involved certain 
assumptions concerning the nature of the time curves of the incorporation 
of the amino acids into the proteins. We have therefore examined the time 
factors involved in a similar experiment in which aldolase and phosphoryl- 
ase were the proteins studied. By injecting different amino acids serially 
at intervals in a single animal before the preparation of the enzymes it was 
possible to obtain information concerning time relationships in protein 
synthesis and to compare the results obtained at 2, 14, and 24 hour inter- 
vals with those previously obtained with a 38 hour time interval. The type 
of result obtained both with respect to absolute specific activities and to 
specific activity ratios among corresponding amino acids in different 
proteins permits one to compare all three proteins in their steady states 
in skeletal muscle. 


EXPERIMENTAL 


0.1 me. each! of glycine-1-C™“, pi-alanine-1-C™“, and pi-phenylalanine- 
3-C*, and 0.04 me. of pi-lysine-2-C™ were injected into the ear vein of a 
3.5 kilo rabbit at 24, 24, 2, and 14 hours, respectively, before sacrificing 
the animal for the isolation of the enzymes. Phosphorylase was crystal- 
lized from extracts of the skeletal muscle by the method of Green and 
Cori (2). After four recrystallizations the specific activity of the enzyme in 
the glycogen synthesis test system (3) approached maximal values. Crude 
phosphorylase is precipitated from the extract at 0.41 saturation with 
ammonium sulfate. The filtrate from this step contains the aldolase which 


* This work was aided by a grant from the American Cancer Society on the recom- 
mendation of the Committee on Growth of the National Research Council. 

t Postdoctoral Fellow of the United States Public Health Service. 

‘The specific activities of the injected amino acids, products of Tracerlab Inc., 
were of the order of 0.5 mc. per mm. 
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was isolated and recrystallized six times as previously described (1). Both 
enzymes were dialyzed against 0.1 m mercaptoethanol and against distilled 
water. The phosphorylase was then precipitated by heat denaturation 
and the aldolase was precipitated with 5 per cent trichloroacetic acid. 
Both proteins were washed with water, ethanol, and ether and dried in 
vacuo. The yield of aldolase was 600 mg. and of phosphorylase 44 mg. 

Each enzyme was hydrolyzed for 24 hours at reflux temperature in 6 x 
hydrochloric acid under an atmosphere of nitrogen. The amino acid mix- 
tures were resolved by ion exchange chromatography on Dowex 50 columns 
with hydrochloric acid as developing solvent (4). The flow rates per sq. 
em. of column cross-section were approximately 4 ml. per hour. The 
further purification and testing of the isolated amino acids by preparative 
and analytical paper chromatography were carried out as previously de- 
scribed (1). Because of the small amount of phenylalanine obtained from 
phosphorylase, the final purification as the p-iodophenylsulfony! derivative 
was omitted. Instead, after final separation of phenylalanine from ar- 
ginine on preparative paper chromatograms, the phenylalanine was passed 
through a short Dowex 50 column and crystallized from the eluate. 

Glycine, alanine, and serine were all carboxyl-labeled. They were de- 
carboxylated with ninhydrin and the carbon dioxide was converted to 
barium carbonate for the measurement of the specific radioactivities (5). 
The lysine was crystallized as the monohydrochloride which was used 
directly for radioactivity measurement. The amounts of lysine and bar- 
ium on the counting planchets were determined by weight on a micro 
balance. The amounts of phenylalanine, handled as the free amino acid, 
were determined by the quantitative ninhydrin method (6). The counts 
_per minute were corrected for self-absorption to correspond to infinitely 
thin layers. Windowless gas flow counters were employed. The statisti- 
cal counting errors were of the order of +1 per cent, but the over-all error 
in the specific activities was of the order of +4 per cent. 


Results 


The observed specific activities of the amino acids at different time inter- 
vals are summarized in Table I, together with the results obtained pre- 
viously with aldolase at a single longer time interval. It is to be observed 
that, although the individual specific activities vary widely from one amino 
acid to the other, the ratio of the specific activity of each amino acid in 
aldolase to that of the corresponding amino acid in phosphorylase is essen- 
tially constant and equal to unity. The small variations in the ratios are 
within the over-all limits of error that we have been able to establish in 
control experiments. The second point to be noted is that the specific 
activities of the amino acids in aldolase in the present experiment do not 
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deviate widely from those observed previously in another animal and with 
a longer time interval. The degree of constancy of the aldolase figures 
over the time intervals examined is a consequence of the kinetics of the 
protein synthesis which will be discussed. 


TABLE | 


Specific Radioactivities of Amino Acids in Aldolase and Phosphorylase Crystallized 
from Rabbit Skeletal Muscle after Injection of Radioactive Amino Acids 


Amount | Specific activities, c.p.m. 
assayed | per uM 
Amino acid Be Compound assayed | Ade. Pre 
S3 Phos- Phos- |__!ase Tie 
ke Aide |prory| Mao |phory-|-Phoe| Vis 
z FI : lase ™ | lase phory- | Jase* 
| | lase r 
hrs. | uM uM 
Phenylalanine . | 2| Phenylalanine crystals | 1.98) 3.03/92.4 90.1 | 1.02 83.2 
Glycine... | 24 | Carboxyl C as BaCO; (25.7 | 6.34/17.6 |18.0 | 0.98 |16.4 
Alanine .| 24 me insite _ 27.2 | 8.25] 2.91) 3.1 | 0.94 | 4.3 
Lysine.... | 14 | Lysine-HCl 67 3.99) 5.99) 5.44) 1.10 | 8.0 
Serine ....|(24)| Carboxyl C as BaCO; 5.45) 2.58) 6.75) 6.70) 1.01 | 9.97 








In the present experiment we injected only 0.4 as much lysine as in the previous 
work. The previous lysine figure of 20 c.p.m. per uM has been multiplied here by 0.4 
to facilitate comparison with the present results. The labeled serine in the protein 
arose through metabolic conversion from the injected glycine. The 24 hour time 
interval corresponds to that for glycine. We consider the agreement in the aldolase 
figures in the two experiments to be very close in view of the possibility of different 
dilutions by the endogenous amino acid pools in the two animals. 

* All amino acids in this experiment were injected 38 hours before isolating the 
enzyme. 


DISCUSSION 

The average specific activities, A, B, C..., of a series of amino acids, 
a,b, c..., in aldolase are compared with the specific activities, A’, B’, 
C’..., of the same series of amino acids in phosphorylase formed in the 
same tissue at the same time. If the ratios A:A’, B:B’, C:C’...are 
different from each other, it must be concluded that the proteins are formed 
from different pools of labeled precursors. If the ratios are equal, as ob- 
served in the present experiment with aldolase and phosphorylase, and 
previously with aldolase and glyceraldehyde-3-phosphate dehydrogenase 
(1), then two possibilities may be considered: (a) The immediate precursors 
of the two proteins may be identical. Since the amino acid compositions 
of the proteins are not the same (7), the precursors could then not be 
identical peptides incorporated as such but would have to be the amino 
acids themselves or active derivatives of them. (b) The second possibility 
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is that each protein might be synthesized from its own characteristic group 
of precursor peptides. If this situation prevails, the present results impose 
the restriction that the peptides turn over at a rate sufficient to keep their 
constituent amino acids in isotopic equilibrium with the common free 
amino acid precursors. This could happen if the appropriate peptides were 
selected from a peptide pool all members of which turned over much more 
rapidly than the proteins. No satisfactory evidence exists for such a 
process. Although in the tracer experiments described here there is no 
distinction between these extreme possibilities or between variations of 
them, a description of an important over-all feature of the synthesis of 
the three proteins in the normal animal is obtained. In particular, what- 
ever the mechanism of protein synthesis, an amino acid appears to be 
replaced at approximately the same rate in whatever position it occurs ina 
given protein. Each labeled protein molecule may therefore be treated as 
a completely new one formed from amino acids and not by molecular trans- 
formations involving large surviving fragments of preformed protein. Al- 
though a more detailed study of structure and time variables may result 
in the modification of these views, the ensuing interpretation is valid for 
the time intervals considered and is independent of the ultimate details of 
the mechanism. 

The fact that the specific activities of the amino acids in aldolase are 
approximately the same whether they are injected 2 or 38 hours prior to 
the isolation of the protein means that the incorporation of the labeled 
amino acids into the protein occurs chiefly within 2 hours after the injec- 
tion. The incorporation, in fact, probably occurs within a much shorter 
time interval. During this interval the radioactivities of the free amino 
acids of the blood decline to a low level (8). Maintenance of the specific 
activity levels of the amino acid residues of aldolase over an extended 
period while turnover is still occurring would be a consequence of a slow 
protein turnover rate. In so far as can be determined from rough dilution 
calculations the turnover of aldolase is of the order of 1 per cent per day. 
It may be inferred that, although the synthesis of a single protein molecule 
may be a rapid process, the absolute rate at which a given enzyme pool is 
drained and replenished in the steady state is slow. 

Under the present conditions secondary transfer of labeled amino acids 
from the proteins of the internal organs to those of muscle appears to in- 
volve high dilution and is thus either negligible or sufficient only to com- 
pensate to some extent for the activity lost through the breakdown of 
labeled muscle protein. The observation of a continuous slow enrichment 
of N' of muscle proteins in the experiments of Shemin and Rittenberg (9) 
was a consequence of the use of massive doses of N5-labeled glycine and 
is not incompatible with the present results obtained with tracer doses of 
C-labeled amino acids. 
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As a consequence of the above qualitative picture of the kinetics of the 
turnover of muscle proteins in the steady state the specific activities, A 
and A’, of amino acid, a, in aldolase and phosphorylase, respectively, dur- 
ing the time interval 2 < ¢ < 38 hours are proportional to the turnover 
rates of the two proteins. The term, turnover, is taken to mean the frac- 
tion of the total pool of each enzyme that is broken down and resynthe- 
sized in unit time. The quantitative relations are 

rt we 

(1) ins and . A = se 

where r and r’ are the rates of synthesis of aldolase and phosphorylase (gm. 
per unit quantity of muscle per unit time), c and c’ are the steady state 
concentrations of the two proteins (gm. per unit quantity of muscle), and 
a* is the average specific activity of the given amino acid in the precursor 
pool during the time interval, ¢, examined. Terms for the simultaneous 
breakdown of the proteins in the steady state would be negligible because 
of dilution and the slow turnover rate. Similar equations may be set up 
for the other amino acids. The factors, r/c and r’/c’, common to such 
equations, are turnover rates. 

The turnover rates of aldolase and phosphorylase are related as follows: 

, ¢. £ 

(2) oa” saat one 1 
The turnover rates of the two proteins in normal rabbit muscle are there- 
fore equal. Moreover the absolute rates of synthesis, r and r’, are directly 
proportional to the steady state concentrations of the two proteins. From 
the evidence available the concentration of aldolase on a weight basis in 
rabbit skeletal muscle is 5 to 10 times that of phosphorylase. Aldolase is 
therefore synthesized 5 to 10 times faster than is phosphorylase. From 
our previous results with aldolase and glyceraldehyde-3-phosphate dehy- 
drogenase the following relation holds. 

ef. & 
(3) ee ely tls 
where the quantities with the double prime refer to the dehydrogenase. 
A ratio of about 1.8 has been obtained in three different rabbits. Aldolase, 
and hence phosphorylase, therefore turns over 1.8 times as rapidly as the 
dehydrogenase. The concentration of the dehydrogenase in rabbit skeletal 
muscle, based purely upon isolation yields, is of the same order or higher 
than that of aldolase. Thus, although the turnover of the dehydrogenase 
is somewhat slower than that of phosphorylase, the rate of synthesis of the 
dehydrogenase is actually considerably greater. There seems to be, in 
these three cases, some sort of rough proportionality between rates of syn- 
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thesis and steady state concentrations. Although the results may be ex. 
pressed in simple form, the general significance of the numerical relation. 
ships cannot be evaluated until these and other well characterized muscle 
proteins are examined under a wider variety of conditions. 


SUMMARY 


1. Aldolase and phosphorylase were crystallized from the skeletal muscle 
of a rabbit after glycine, alanine, lysine, and phenylalanine, labeled with 
C', had been injected intravenously at intervals, respectively, of 24, 24, 
14, and 2 hours prior to the preparation of the enzymes. 

2. The specific radioactivity of each of these amino acids and serine, 
labeled metabolically by conversion from glycine, was, within the limits of 
experimental error, the same in aldolase and phosphorylase. 

3. The specific activities of the amino acids in aldolase at the above 
different intervals after injection were close to those observed previously 
in aldolase in a different rabbit when all of the amino acids had been in- 
jected 38 hours prior to the isolation of the enzyme. 

4. It is concluded that aldolase and phosphorylase are in steady state 
equilibrium with the same pools of free amino acids and that the two 
proteins turn over metabolically at the same rate. 

5. Both the steady state concentration and the absolute rate of synthe- 
sis and breakdown of aldolase are 5 to 10 times greater than the correspond- 
ing quantities for phosphorylase. 

6. Both the aldolase and phosphorylase proteins turn over metabolically 
1.8 times as rapidly as glyceraldehyde-3-phosphate dehydrogenase. 

7. The results indicate that all of the peptide bonds in a given labeled 

-enzyme molecule are formed within a relatively short time interval but 
that the rate at which the total pool of a given enzyme in muscle is re- 
placed is slow. 
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ASCORBIC ACID IN AROMATIC HYDROXYLATION 
I. A MODEL SYSTEM FOR AROMATIC HYDROXYLATION* 


By SIDNEY UDENFRIEND, CARROLL T. CLARK, JULIUS AXELROD, anv 
BERNARD B. BRODIE 
(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, United States Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, December 23, 1953) 


Studies in this laboratory on the conversion of tyramine to hydroxy- 
tyramine by homogenates of adrenal medulla showed that hydroxylation 
occurred maximally on the addition of ascorbic acid. Further investi- 
gation revealed that the hydroxylation did not require adrenal tissue, but 
could occur in the presence of ascorbic acid and oxygen. This observation 
led to a study of the réle of ascorbic acid in the hydroxylation of com- 
pounds with aromatic character. 

A large number of both normally occurring and foreign compounds of an 
aromatic nature are hydroxylated in the animal body to yield products 
with phenolic properties. The pathways by which these products are pro- 
duced are poorly understood, but several may be postulated. 

1. The addition of water to a double bond, followed by dehydrogenation. 


R R R 


H’ SH H/ SH.” H/ SH 
H —2H 
+ H.0 > | — | 


H H i HW, fu 
H H OH 


2. Reaction with hydrogen peroxide to form a dihydro-diol intermediate 
followed by loss of water. 


R R R 
\ 
H H - H H _~H.O H H 
+ H:0:, — | A mene 
H H H \ H H 
H OH OH 
OH H 


3. The direct substitution of a hydrogen atom by a hydroxyl group. 


*A preliminary report of this work has appeared (Federation Proc., 11, 300 
(1952)). 
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This communication describes a model system consisting of ascorbic 
acid, oxygen, and Fe+* which hydroxylates aromatic compounds to yield 
compounds with phenolic properties. Evidence presented in subsequent 
papers demonstrates that the hydroxyl group is directed to electronega- 
tive sites on the aromatic ring to yield products identical with those formed 
in the intact animal (1) and that ascorbic acid is implicated in the hydroxy. 
lation of aromatic compounds in vivo (2). 


EXPERIMENTAL 


Materials—Ascorbic acid, dehydroascorbic acid, and d-isoascorbic acid 
were generously contributed by Hoffmann-La Roche, Inc. Ethylenedi- 
aminetetraacetic acid (EDTA) was obtained as the disodium salt from the 
Bersworth Chemical Company. Acetanilide, N-acetyl-p-aminophenol (p- 
hydroxyacetanilide), quinoline,! tyramine, and 3-hydroxytyramine were 
obtained from the Eastman Kodak Company. Dihydroxymaleic acid, 
diketosuccinic acid diethyl ester, and diketosuccinic acid diethyl ester hy- 
droperoxide were synthesized by Dr. Bernard Witkop and Dr. Sidney 
Goodwin of the National Institutes of Health. The calcium salt of diketo- 
gulonic acid was donated by Dr. Howard W. Bond of the National Insti- 
tutes of Health. 

Methods—Hydroxytyramine was assayed colorimetrically after oxidation 
with alkaline ferricyanide to the red-colored quinone (3). Quinoline and 
3-hydroxyquinoline were assayed by the methods of Novack and Brodie 
(4). Acetanilide and p-hydroxyacetanilide were assayed according to the 
methods of Brodie and Axelrod (5). Ascorbic acid was assayed according 
to the procedure of Bessey (6). Dehydroascorbic acid was determined by 
‘the method of Roe et al. (7). 

Hydrogen peroxide was measured by a method developed in this labora- 
tory. A previous report on the determination of hydrogen peroxide in 
autoxidizing solutions of ascorbic acid involved non-specific oxidation of 
thiosulfate directly in the reaction mixture (8). In the method described 
below advantage is taken of the solubility of hydrogen peroxide in ethyl 
ether in order to separate it from interfering materials. 1 ml. of solution 
containing hydrogen peroxide is shaken with 15 ml. of peroxide-free ether 
in a 30 ml. glass-stoppered bottle. The bottle is centrifuged, and 10 ml. 
of the ether extract are transferred to a glass-stoppered centrifuge tube 
containing 10 ml. of heptane and 2 ml. of 0.1 N H.SO,. The hydrogen 
peroxide is extracted into the aqueous phase by shaking for 5 minutes. 
After centrifugation 1 ml. of the aqueous solution is transferred to a cu- 
vette, and 1 ml. of 9 N H.SO,, 0.2 ml. of 2 per cent KI, and 2 drops of 3 
per cent molybdic acid are added. After 5 minutes the optical density of 


1 Quinoline was freshly distilled before each experiment. 
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the iodine solution is measured at 350 my. The distribution of hydrogen 
peroxide in a water-ether system is such that with volumes of 1 and 15 ml., 
respectively, about 35 per cent of hydrogen peroxide is in the ether phase. 
Standards are prepared by handling known amounts of hydrogen peroxide 
in the same manner as the unknown. Optical densities are proportional to 
concentration. Standards are run with each set of unknowns, since there 
isa small daily variation of the partition ratio between water and ether. 
Model Ascorbic Acid System—The ascorbic acid system used in these 
studies consisted of 142 um of ascorbic acid, 15 um of ferrous sulfate, and 80 
ym of EDTA in 3 ml. of 0.1 m phosphate buffer, pH 5.5. 60 um of either 
tyramine, acetanilide, or quinoline were employed as substrate, and the 
mixture was shaken on a Dubnoff metabolic shaker at 35° in an atmosphere 
of oxygen. Tyramine was oxidized to 3 ,4-dihydroxyphenethylamine, acet- 
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Fic. 1. Effect of pH on oxidation by the model ascorbic acid system. 'Time of in- 
cubation, 30 minutes. 


anilide to a mixture of o- and p-hydroxyacetanilide, and quinoline to 
3-hydroxyquinoline. The hydroxylated products underwent further oxida- 
tion in the ascorbic acid system to unknown substances. Details concern- 
ing isolation and identification of the hydroxylated products are pre- 
sented in Paper II (1). 


Results 


Effect of Hydrogen Ion Concentration—Oxidation of acetanilide, quinoline, 
and tyramine occurred over the range of pH values 2 to 7.5, the optimal 
pH depending upon the individual compound (Fig. 1). Above pH 7.5 
the reaction rate was considerably reduced, presumably as a result of the 
instability of ascorbic acid. 

Effect of Variations in Temperature—The rates of oxidation of the sub- 
strates increased considerably with increasing temperature. Since the phe- 
nolic products also disappeared more rapidly at elevated temperatures, 
no advantage was gained by working above 35°. 
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Effect of Varying Concentration of Ascorbic Acid—The rates of oxidation 
of the substrates increased with increasing amounts of ascorbic acid. The 
results obtained with quinoline are typical of the other substrates (Fig. 2), 
With 142 um of ascorbic acid about 60 per cent of the substrate was oxi- 
dized in 3 hours. At higher concentrations of ascorbic acid, there was only 
a slight increase in the amount of substrate oxidized. 

Effect of Varying Concentrations of Ethylenediaminetetraacetate—EDTA 
was not essential for substrate oxidation, but it markedly enhanced the 
reaction rate. The amount of EDTA used, 80 um, was well above that 
needed for the maximal rate of oxidation. 
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Fig. 2. Oxidation of quinoline with various amounts of ascorbic acid in the model 
system. Time of incubation, 60 minutes. 
_Fia. 3. Disappearance of ascorbic acid and appearance of dehydroascorbic acid 
during oxidation of acetanilide in the ascorbic acid system. 


Effect of Fe+* and Other Ions—Metal ions were found necessary to cata- 
lyze the reaction. Fet+ or Fet+++ served equally well. An increase in the 
concentration of Fe++ or Fe+++ beyond 15 um inéreased the rate of oxida- 
tion only slightly. Cu*+, Cu++, and Cot* were about 5 to 10 per cent as 
effective as iron. 


Mechanism of Reaction 


As the oxidation of substrate proceeded, ascorbic acid disappeared and 
dehydroascorbic acid was produced (Fig. 3). In the absence of substrate, 
the conversion of ascorbic to dehydroascorbic acid occurred at essentially 
the same rate. Ascorbic acid itself was not the hydroxylating agent; in 80 
minutes, when the ascorbic acid concentration was negligible, the oxida- 
tion of substrate still continued at a rapid rate (Fig. 3). Further evidence 
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that ascorbic acid was not the primary oxidant was obtained by adding 
substrate to a reaction mixture which had been preincubated until almost 
all the ascorbic acid had disappeared; on the addition of substrate, hy- 
droxylation proceeded rapidly. Dehydroascorbic acid can replace ascorbic 
acid but only below pH 6.5. Above this pH dehydroascorbic acid induced 
no activity, whereas with ascorbic acid the system was active to pH 7.5. 
This finding excludes dehydroascorbic acid, also, as the hydroxylating 
agent in the ascorbic acid system. 

Since the conversion of ascorbic acid to dehydroascorbic acid involves the 
loss of hydrogen, it is logical to expect that hydrogen peroxide is generated. 
Barron et al. (9) have postulated that autoxidizing solutions of ascorbic 
acid yield hydrogen peroxide according to the accompanying reactions. 

H H my 


4 
OH—C—C—C C=O + 2Cu++ 
i ' ' / 4 
HOH H C=C 
OH OH 


se 
io ra 

OoH—C—C—C C=O + 2Cut + 2H+ 
HOH H C—C 

:. @ 


Oo O 
2Cut + 2H*+ + O2 — 2Cu** + H202 


However, analysis of the reaction mixture failed to show the presence of 
hydrogen peroxide. This finding did not preclude the possibility that hy- 
drogen peroxide had been formed, since this substance disappeared with 
extreme rapidity on its addition to the ascorbic acid system. Hydrogen 
peroxide was ruled out as the direct hydroxylating agent, since substitution 
of hydrogen peroxide for ascorbic acid in equivalent amounts resulted in 
negligible activity. The possibility existed that hydrogen peroxide had 
been formed, but had immediately reacted with some component of the 
system to yield the actual hydroxylating agent. The following experi- 
ments, in which hydrogen peroxide was substituted for oxygen in the as- 
corbic acid system, support this thesis. 

In an atmosphere of nitrogen the ascorbic acid system had no oxidative 
activity, but, on the addition of hydrogen peroxide, substrates were oxi- 
dized with extreme rapidity. Without ascorbic acid negligible amounts 
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of substrate were oxidized; furthermore both Fe++ and EDTA were needed 
for maximal hydroxylating activity. With increasing amounts of hydro. 
gen peroxide, oxidative activity progressively increased until 2 moles of 
hydrogen peroxide per mole of ascorbic acid were added; further addition 
produced no increase in activity (Fig. 4). With this amount of hydrogen 
peroxide, the major portion of each substrate was oxidized with extreme 
rapidity, usually within 1 minute. When the amount of hydrogen perox- 
ide was kept constant and the ascorbic acid was varied, activity again 
increased until the molar ratio of hydrogen peroxide to ascorbic acid was 
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Fig. 4. Effect of increasing amounts of hydrogen peroxide on oxidative activity 
by the model ascorbic acid system, in an atmosphere of nitrogen. Each point repre- 
sents the amount of quinoline oxidized in 3 minutes. 

Fig. 5. Stoichiometric relationship between ascorbic acid and hydrogen peroxide. 
Other components were the same as in the model system, except that the reaction 
was carried out in a nitrogen atmosphere without substrate. Each point represents 
the amount of hydrogen peroxide remaining after 3 minutes. 


2. Further evidence that definite proportions of hydrogen peroxide and 
ascorbic acid reacted to form an active oxidant was obtained by adding 
various amounts of hydrogen peroxide to the ascorbic acid system in the 
absence of substrate and estimating the hydrogen peroxide remaining after 
3 minutes. Negligible amounts of hydrogen peroxide were detectable un- 
til 2 moles had been added per mole of ascorbic acid (Fig. 5). 

The above findings suggested the following sequence of reactions. | 
equivalent of hydrogen peroxide converts ascorbic acid to dehydroascorbic 
acid, following which the second equivalent reacts to form a hydroperox- 
ide type compound. However, when ascorbic acid was replaced by de- 
hydroascorbic acid in the anaerobic reaction with hydrogen peroxide, the 
system displayed no hydroxylating activity. Furthermore, a synthetic hy- 
droperoxide, diketosuccinic acid ethyl ester hydroperoxide, was found to 
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COOEt 


OH 





OOH 





=0 
COOEt 


possess no oxidative activity in the presence of Fe+*+, EDTA, and substrate 
under anaerobic conditions. It does not seem probable, therefore, that 
the hydroxylating activity of ascorbic acid is mediated through a hydro- 


peroxide. 
Activity of Compounds Structurally Related to Ascorbic Acid 


A number of compounds structurally related to ascorbic acid, whose 
formulas are shown in the diagram, could replace ascorbic acid in the model 








system. ‘These compounds possess either an ene-diol or a diketo structure. 
O0=C O=C COOH O 
| | | | 
HO—C HO—C HO—C C 
i 0 | 0 | le 
HO—C HO—C HO—C | l 
| | AREA 
H—C HC COOH \ _ 
HO—CH H—C—OH 
CH,.0H CH,.0H 
l-Ascorbic d-Isoascorbic Dihydroxymaleic Ninhydrin 
acid acid acid 
=C—_ COOH Pon O—=C—NH 
| | 
O0=C O=C O=C o=C C=0 
| oO | | 
0=C O=C O=C O=—=C—NH 
| 
HC—— HC—OH COOEt 
| 
HOCH HOCH 
CH.OH CH.OH 
L-Dehydroascorbic Diketogulonic Diethyldiketo- Alloxan 
acid acid succinate 
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Dehydroascorbic acid was almost as active as ascorbic acid, though only at 
pH values below 6.5. Diketogulonic acid, d-isoascorbic acid, dihydroxy. 
maleic acid,? and diketosuccinic acid ethyl ester were about as active as 
ascorbic acid. Alloxan and ninhydrin were less active. In the aerobic 
system containing Fe++, EDTA, hydrogen peroxide, and substrate only 
the ene-diol compounds showed any hydroxylating activity. 

Not all substances susceptible to autoxidation are able to hydroxylate 
ring systems; thus cysteine, glutathione, thioglycolic acid, and hydroqui- 
none could not replace ascorbic acid in the aerobic hydroxylating system. 


DISCUSSION 


The oxidative properties of ascorbic acid in the presence of oxygen have 
been reported by other investigators (8, 11-14). The actual oxidizing 
agent has been assumed to be hydrogen peroxide produced by the autoxida- 
tion of ascorbic acid in the presence of a small amount of metallic ion (8), 
Evidence presented in this paper makes this an unlikely possibility; rather, 
hydroxylation appears to be mediated through a reaction product of hy- 
drogen peroxide with ascorbic acid. 

The abundance of ascorbic acid and iron compounds in animal tissues 
suggests that ascorbic acid may play a rdéle in the hydroxylation of aromatic 
compounds in the body. This possibility will be substantiated in subse- 
quent papers in which it will be shown that the model ascorbic acid system 
reacts on a number of aromatic compounds, foreign to the body, to yield 
the same hydroxylated products that are produced in the intact animal 
(1). Furthermore, evidence will be presented demonstrating that the rate 
of hydroxylation of a number of aromatic compounds is markedly reduced 
in guinea pigs depleted of ascorbic acid (2). 


SUMMARY 


Ascorbic acid, dehydroascorbic acid, and certain other ene-diols and 
diketo compounds, in the presence of Fe++ and oxygen can bring about the 
hydroxylation of compounds with aromatic character. This reaction is 
considerably enhanced by ethylenediaminetetraacetate. Hydroxylation 
appears to be brought about by a reaction product of ascorbic acid with 
hydrogen peroxide generated in the reaction mixture. 
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ASCORBIC ACID IN AROMATIC HYDROXYLATION 


II. PRODUCTS FORMED BY REACTION OF SUBSTRATES WITH 
ASCORBIC ACID, FERROUS ION, AND OXYGEN* 


By BERNARD B. BRODIE, JULIUS AXELROD, PARKHURST A. SHORE, 
AND SIDNEY UDENFRIEND 
(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 


Institutes of Health, United States Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, December 23, 1953) 


In Paper I it was shown that ascorbic acid in the presence of Fe*+, 
ethylenediaminetetraacetic acid (EDTA), and oxygen hydroxylates com- 
pounds of aromatic character (2). The present paper describes the isola- 
tion and identification of products obtained by the action of the ascorbic 
acid system on acetanilide, aniline, p-ethoxyacetanilide (acetophenetidine), 
antipyrine (1 ,5-dimethyl-2-phenyl-3-pyrazolone), salicylic acid, tyramine, 
quinoline, and theophylline (1 ,3-dimethylxanthine). It will be shown that 
the ascorbic acid system hydroxylates these substrates to yield products 
which are identical with those formed in vivo and that the hydroxyl group 
is directed to electronegative sites on the aromatic ring. 


Methods and Materials 


Model Ascorbic Acid System—The system used for the production of 
the hydroxylated products consisted of 1.3 mm of FeSO,-7H.O, 6.5 mm of 
EDTA, 14 mo of ascorbic acid, and 6 mm of substrate in a volume of 250 
ml. of 0.1 m phosphate buffer, pH 6.7. The mixture was shaken in a 2 
liter Erlenmeyer flask for 2 hours in an atmosphere of oxygen at 37°. 

Chemical M ethods—Acetanilide (3), aniline (3), p-aminophenol (3), p-eth- 
oxyacetanilide (4), antipyrine (5), quinoline (6), 3-hydroxyquinoline (6), 
theophylline (7), hydroxytyramine (8), and salicylic acid (9) were esti- 
mated by methods previously described. 

N-Acetyl-p-aminophenol (NAP) was isolated and hydrolyzed to p-amino- 
phenol as previously described (3). p-Aminophenol was determined by 
the indophenol reaction (3), which does not yield a color with the ortho 
and meta isomers. o-Aminophenol was separated from its para isomer by 
counter-current distribution (see below) and measured spectrophotomet- 
ically in 0.1 N NaOH at 300 mu. 

In the estimation of gentisic acid the acidified reaction mixture was 
shaken with chloroform to remove unreacted salicylic acid. The gentisic 


*A preliminary report of this work has appeared (1). 
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acid was then extracted into ether and the solvent evaporated to dryness, 
The residue was dissolved in 0.1 N HCl and measured spectrophotometri- 
cally at 340 mu. 

4-Hydroxyantipyrine was separated from interfering material by coun- 
ter-current distribution (see below) and estimated spectrophotometrically 
at 250 mu. 

In the estimation of 1,3-dimethyluric acid the reaction mixture was 
shaken with chloroform to remove unreacted theophylline. The 1 ,3-di- 
methyluric acid was then extracted into isobutanol, 0.2 volume of petro- 
leum ether was added, and the compound was returned to borate buffer, 
pH 9.2, 0.8 m. The 1,3-dimethyluric acid was measured spectrophoto- 
metrically at 295 mu. 

Isolation of Reaction Products—As a rule, products formed by the ascor- 
bic acid system were removed from the reaction mixture by extraction into 
an organic solvent.' Further fractionation was usually effected by coun- 
ter-current distribution. In the solvent pair chosen, the product usually 
was distributed about equally between the two phases so as to obtain the 
most effective separation. After distribution the partition ratio of the 
material in each tube was determined by measuring its concentration in 
each phase. The contents of tubes with similar partition ratios were 
pooled and the pH of the aqueous phase was adjusted so that the material 
could be transferred to an organic phase by shaking. Further purification 
involved evaporation of the solvent to dryness and recrystallization from 
appropriate solvents. 


EXPERIMENTAL 


Isolation and Identification of Reaction Products by Action of 
Ascorbic System on Various Substrates 


Acetanilide—The reaction mixture was extracted with ether and the 
ether-soluble phenolic products were returned to a small volume of 0.1 N 
NaOH. The alkaline extract was shaken with ether to remove traces of 
acetanilide, adjusted to pH 7.0, and the phenolic material was reextracted 
into ether. An eight transfer counter-current distribution of the phenolic 
material between 1 m phosphate buffer, pH 6.0 (1 volume), and ether (1.5 
volumes) yielded a single compound which gave an indophenol reaction (3). 
The material in Tubes 4 to 7 was recrystallized from chloroform contain- 
ing 10 per cent ethanol, n-heptane being added to induce crystallization. 
The resulting crystals melted at 169.5-170° (uncorrected); the melting 
point for authentic NAP was 170° (uncorrected). Admixture of the iso- 
lated compound with authentic NAP showed no depression of the melting 


1 The solvents were purified by successive washings with 1 n NaOH, 1 n HCl, and 
twice with water. Ether should be purified on the day it is used. 
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point. ‘The absorption spectrum of the material in 0.1 n NaOH was found 
to be identical with that of authentic NAP. 

A second reaction mixture was examined for the presence of the ortho 
and meta hydroxy derivatives as follows: The reaction mixture was ex- 
tracted with ether, and the phenolic material in the ether phase was re- 
turned to an aqueous phase by shaking with 0.1 n NaOH. The aqueous 
layer was washed with ether, adjusted to pH 7, and the phenolic material 
again extracted into ether. The ether was evaporated, and the residue 
was subjected to a twenty-four transfer counter-current distribution be- 
tween the solvent pair, ethylene dichloride and 0.1 m citrate buffer, pH 2.2. 
From the partition ratio of authentic N-acetyl-o-aminophenol it was cal- 
culated that the compound would be present in Tubes 8 to 16, while 


TABLE | 


Partition Ratios of N-Acetyl-o-aminophenol and Apparent N-Acetyl-o-aminophenol 
between Equal Volumes of Ethylene Dichloride and Water at Various pH Values 


The apparent N-acetyl-o-aminophenol was isolated from the ascorbic acid reac- 
tion mixture as described in the text. The fraction of the compound extracted at 
various pH values is expressed as the ratio of the amount of compound in the organic 
phase to total compound. 














pH | Authentic N-acetyl-o-aminophenol | Apparent N-acetyl-o-aminophenol 
8.0 | 0.53 | 0.52 
9.0 | 0.42 0.43 

10.0 | 0.19 0.20 

13.0 | 


0.0 0.0 





N-acetyl-p-aminophenol and N-acetyl-m-aminophenol would be present in 
Tubes 20 to 24. The material in Tubes 8 to 14 had an absorption spectrum 
identical with that of N-acetyl-o-aminophenol and had the same partition 
ratio between ethylene dichloride and buffers of various pH values as did 
authentic N-acetyl-o-aminophenol (Table I). 

The absence of N-acetyl-m-aminophenol in the reaction mixture was 
demonstrated as follows: The material in Tubes 20 to 24 was returned to 
an alkaline aqueous phase, and the aqueous phase was adjusted to pH 7.0. 
The phenolic material was extracted into ether and the ether phase evapo- 
tated to dryness. The residue was taken up in 2 N HCl and heated in a 
boiling water bath for 45 minutes to form the free aminophenols. The 
material was subjected to a twenty-four transfer counter-current distribu- 
tion between equal volumes of 1 m phosphate buffer, pH 6.0, and ethylene 
dichloride. From the partition ratios of authentic m-aminophenol and 
p-aminophenol, it was calculated that Tubes 15 to 17 should have contained 
no p-aminophenol and about 25 per cent of the m-aminophenol. Ultra- 
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violet absorption measurements of the material in Tubes 15 to 17 showed 
only a trace of materia] having an absorption which differed from that of 
m-aminophenol. The Bratton-Marshall reaction (10), which is sensitive 
to about 2 y of m-aminophenol, was negative. N-Acetyl-m-aminophenol 
incubated with the ascorbic acid system and carried through the entire 
isolation procedure was recovered in relatively high yield. It may be 
concluded, therefore, that acetanilide was not hydroxylated in the meta 
position. 

Aniline—The reaction mixture was adjusted to pH 7 and extracted with 
ether. The material in the ether phase was then extracted into a small 
volume of 0.1 n HCl. The aqueous phase was adjusted to pH 4.4 and the 
aniline extracted into chloroform. The p-aminophenol remaining in the 
aqueous phase was subjected to a twenty-four transfer counter-current dis- 


TaB_eE II 
Partition Ratios of p-Aminophenol and Apparent p-Aminophenol between Equal 
Volumes of Ether and Water at Various pH Values 
The apparent p-aminophenol was isolated from the ascorbic acid mixture as de- 
scribed in the text. The fraction of the compound extracted at various pH values 
is expressed as the ratio of the amount of compound in the organic phase to total 
compound. 











pH | Authentic p-aminophenol | Apparent p-aminophenol 
3.4 0.0 | 0.0 

4.5 | 0.024 | 0.023 

6.0 | 0.50 | 0.50 





tribution with 0.25 m citrate buffer, pH 4.4, and n-butyl alcohol as solvents. 
The distribution curve of the indophenol-reacting material was almost 
identical with the theoretical curve for p-aminophenol calculated from its 
experimentally determined distribution coefficient. Furthermore the ma- 
terial had the same partition ratios as authentic p-aminophenol between 
ether and buffers at various pH values (Table IT). 

It was not possible to show whether o- or m-aminophenol had been 
formed in the ascorbic acid system because of the instability of these com- 
pounds in the ascorbic acid system. 

Salicylic Acid—The reaction mixture was acidified, and the salicylic acid 
was extracted into chloroform. The gentisic acid remaining in the aque- 
ous phase was extracted into ether. The ether was evaporated to dryness, 
and the residue was subjected to a twenty-four transfer counter-current 
distribution with equal volumes of 0.2 m citrate buffer, pH 4.4, and methyl 
isobutyl ketone. Tubes 8 to 17 contained a product with partition ratios 
similar to those of gentisic acid. This material was recrystallized from 
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ethylene dichloride and yielded crystals melting at 200-201.5° (uncor- 
rected), compared to 201° for pure gentisic acid. A mixed melting point 
showed no depression. Ultraviolet and infra-red absorption spectra of 
apparent and pure gentisic acid were identical. 

Antipyrine—The phenolic material was extracted from the reaction mix- 
ture into ethylene dichloride and returned to an aqueous alkaline phase. 
The aqueous phase was washed with ethylene dichloride to remove traces 
of antipyrine, acidified with HCl, and again extracted with ethylene di- 
chloride. The solvent was evaporated to dryness under a stream of nitro- 
gen, and the residue was subjected to a twenty-four transfer counter-cur- 
rent distribution between 1 m phosphate buffer, pH 6.7, and 30 per cent 
chloroform in petroleum ether. The counter-current distribution showed 
the presence of two compounds, the peak concentration of the more water- 
soluble compound occurring in Tube 5 and that of the more organic soluble 
compound in Tube 15. The material in Tubes 13 to 18, which had a parti- 
tion coefficient almost identical with that of 4-hydroxyantipyrine, was 
recrystallized from toluene. The resulting colorless needles melted at 
181-182° (uncorrected), compared to 181-182° for authentic 4-hydroxy- 
antipyrine, and a mixed melting point showed no depression. The ultra- 
violet absorption spectra of the compound in 0.1 n HCl and 0.1 n NaOH 
and the infra-red absorption spectrum were identical with those of authen- 
tic 4-hydroxyantipyrine. No attempt was made to isolate the more water- 
soluble substance. 

p-Ethoxyacetanilide—N -Acety]-p-aminophenol was isolated from the re- 
action mixture by the procedure described for acetanilide and was found 
to melt at 168.5-169.5° (uncorrected). The melting point for the authen- 
tic NAP was 170°, and a mixed melting point showed no depression. Ul- 
traviolet spectra of the isolated NAP in acid and alkali were identical with 
those of pure NAP. 

Theophylline (1 ,3-Dimethylxanthine)—The reaction mixture was ex- 
tracted with chloroform to remove unreacted 1 ,3-dimethylxanthine, and 
the aqueous residue was extracted exhaustively with isobutanol. The iso- 
butanol extracts were combined, 0.2 volume of petroleum ether was added, 
and the apparent 1,3-dimethyluric acid was extracted into 80 ml. of 0.8 
M borate buffer, pH 9.2. The aqueous phase was acidified with HCl, and 
the 1,3-dimethyluric acid was again extracted into isobutanol. The mate- 
rial in the isobutanol phase was subjected to an eight transfer counter- 
current distribution with 0.1 n HCl (1 volume) and isobutanol (1.5 vol- 
umes) as the solvent pair. The distribution curve of the material which 
absorbed at 295 my was almost identical with that of pure 1 ,3-dimethyl- 
uric acid (Fig. 1). The absorption spectra of the material in Tube 4 in 0.1 
N HCl and at pH 9.2 were identical with those of authentic 1 ,3-dimethyl- 
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uric acid. The ratio of the absorption at 295 my of the apparent 1,3- 
dimethyluric acid to the absorption at 620 my of the chromophore pro- 
duced by the Benedict-Franke reaction (11) was calculated to be the same 
as that for authentic 1 ,3-dimethyluric acid. 

Quinoline—The reaction mixture was adjusted to pH 6.0 and extracted 
exhaustively with ether. The phenolic material was returned to an aque- 
ous phase by extraction into 0.1 N H.SO,. The aqueous extract was made 
alkaline, extracted several times with heptane to remove traces of unre- 
acted quinoline, and then adjusted to pH 6.0 and extracted exhaustively 
with benzene. The phenolic material in the benzene was returned to an 





T T T T T T T T T 





MG. 1,3 DIMETHYLURIC ACID 











TUBE NUMBER 


Fic. 1. Counter-current distribution of 1,3-dimethyluric acid. System, isobutyl 
alcohol (1.5 volumes) and 0.1 N HCl (1 volume). The solid line represents the experi- 
mental distribution curve of 1,3-dimethyluric acid isolated after treating 1,3-di- 
methylxanthine with the ascorbic acid system; dash line, the theoretical distribu- 
tion curve for authentic 1,3-dimethyluric acid calculated from its experimentally 
established partition ratio of 1.22. 


acid phase and treated with Norit A to remove colored material. The 
acid extract was adjusted to pH 6.0 and extracted twice with ether. The 
ether extract was evaporated to dryness and the residue was recrystallized 
from 10 per cent ethanol to yield crystals melting at 198° (uncorrected). 
3-Hydroxyquinoline has a recorded melting point of 198° (uncorrected) 
(6). The absorption spectrum of the apparent 3-hydroxyquinoline in 0.1 
N H.SO, agreed with the spectrum recorded for 3-hydroxyquinoline. The 
absorption spectrum of 3-hydroxyquinoline has been shown to differ con- 
siderably from those of the other monohydroxyquinolines (12). Like 3-hy- 
droxyquinoline, the product exhibited fluorescence in acid solution, which 
was quenched by chloride ions. 

Tyramine—The reaction mixture was acidified with HCl and chromato- 
graphed on a Celite column with phenol as the eluent according to the 
procedure of Bergstrém and Sjévall (13). The eluate was collected in 4 
ml. portions in glass-stoppered centrifuge tubes containing 3 ml. of 0.1 N 
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HCl. Each tube was extracted 3 times with 20 ml. portions of ether to 
remove phenol and then assayed for 3-hydroxytyramine. Tubes 29 to 37 
contained all of the 3-hydroxytyramine. Further purification was achieved 
by chromatographing the material at pH 6.5 on Amberlite IRC-50 accord- 
ing to the procedure of Bergstrém and Hansson (14). The purified mate- 
rial was identified by comparing the Ry value on paper chromatograms with 
that of pure 3-hydroxytyramine. The system used was butanol-propionic 
acid-water in the proportions 5:3:2, developed on Whatman No. 3 filter 
paper, and visualized by spraying with ammoniacal ethylenediamine.? 
The fluorescent color and the Ry of the isolated material were the same as 
those of authentic 3-hydroxytyramine. 


TaBLe III 


Yields of Hydroxylated Products Formed by Action of Ascorbic Acid System 
on Aromatic Compounds 

















Corrected 
Substrate Product ~~ pet oat 
Acetanilide N-Acetyl-p-aminophenol 8 17 
. N-Acetyl-o-aminophenol 6 12t 
Aniline p-Aminophenol 3 9 
Salicylic acid Gentisic acid 30 55 
Antipyrine 4-Hydroxyantipyrine 12 43T 
Acetophenetidine N -Acetyl-p-aminophenol 3 7 
1,3-Dimethylxanthine 1,3-Dimethyluric acid 6 13 
Quinoline 3-Hydroxyquinoline 6 15 
Tyramine 3-Hydroxytyramine 18 25 





* Actual yield divided by the fraction of substrate that had disappeared. 
} Estimated from counter-current distribution data by application of the bi- 
nomial expansion in the manner described by Williamson and Craig (15). 


Reaction Rates and Yields 


Table ITI summarizes the yields of the various phenolic derivatives ob- 
tained usually by estimation of the amount of hydroxylated derivative 
found in an aliquot of the reaction mixture. In some instances the yields 
were calculated from counter-current data by application of the binomial 
expansion in the manner described by Williamson and Craig (15). Since 
the hydroxylated products are also acted upon by the ascorbic acid system, 
the actual amounts that had been formed were considerably larger than 
those actually found. 


*Ethylenediamine condenses with catechols to yield highly fluorescent quinoxa- 
line derivatives. The reagent used for spraying the chromatograms consisted of 1 
part of distilled ethylenediamine and 8 parts of 2 N ammonia. 
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DISCUSSION 


Studies on the metabolic fate of drugs in the body have shown that 
compounds of aromatic character are usually hydroxylated to yield sub- 
stances with phenolic properties. For example acetanilide — N-acetyl-p- 
aminophenol (16-18); aniline — p-aminophenol and o-aminophenol (17, 
19); antipyrine — 4-hydroxyantipyrine (20); salicylic acid — gentisic acid 
(21); quinoline — 3-hydroxyquinoline (6); 1 ,3-dimethylxanthine — 1 ,3-di- 
methyluric acid (7); p-ethoxyacetanilide (acetophenetidine) — N-acetyl-p- 
aminophenol (4). The variety of foreign compounds that are hydroxylated 
in the body suggests that a relatively non-specific hydroxylating mechanism 
functions in vivo. 

Experiments described in this paper show that a system consisting of 
ascorbic acid, Fe+*, and oxygen acts on a number of aromatic compounds 
to yield products identical with those formed in vivo. The hydroxylating 
properties of ascorbic acid suggest that this substance may play a réle in 
biological hydroxylations. Evidence for the implication of ascorbic acid in 
the hydroxylation in vivo of acetanilide, aniline, and antipyrine is presented 
elsewhere (22). Another example of the involvement of ascorbic acid in 
aromatic hydroxylation has been demonstrated in studies of the conversion 
of p-hydroxyphenylpyruvic acid to homogentisic acid (23-25). 

The hydroxyl groups which are generated by the ascorbic acid system 
are directed towards electronegative sites of the aromatic ring.* Further 
evidence of this has been obtained by Williams‘ who has shown that the 
ascorbic acid system will direct hydroxylation to the meta position of 
nitrobenzene, cyanobenzene, and benzoic acid. The apparent electrophilic 
nature of the hydroxyl moiety formed in the ascorbic acid system dis- 
tinguishes it from the free radical hydroxy] group, which hydroxylates 
aromatic rings in a more random fashion (28). 

A practical application of the ascorbic acid system may lie in its use in 
the synthesis of hydroxylated: compounds, since the position of the hy- 
droxyl groups can be predicted. It may be particularly useful in circum- 
stances in which only a small amount of a hydroxyl derivative is required. 
In this laboratory for instance, it has been possible to produce small 
amounts of 5- and 7-hydroxytryptamine by treating tryptamine with the 
ascorbic acid reagent. To our knowledge the ascorbic acid system is the 
first example of a reagent which will oxidize the benzene portion of the 
indole ring without attacking the vulnerable pyrrole ring. The action on 
tyramine is also unusual in that the benzene ring is hydroxylated without 


3 It has been reported that position 3 of quinoline is an electronegative site (26). 
The ease with which the 4 position of antipyrine can be halogenated (27) indicates 
its electronegative character. 

4 Williams, R. T., personal communication. 
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oxidation of the side chain amino group. Hydroxytyramine, the catechol 
formed from tyramine, is more stable in the ascorbic acid reagent than is 
the parent phenol, in spite of the fact that catechols are usually more sus- 
ceptible to oxidation than phenols. 

The observation that N-acetyl-p-aminophenol is produced from p-eth- 
oxyacetanilide both in the ascorbic acid system and in the body suggests 
that this type of deethylation may proceed oxidatively in vivo. 


SUMMARY 


The products of the reaction of ascorbic acid, Fe++, ethylenediamine- 
tetraacetate, and oxygen with a variety of aromatic compounds have been 
identified. The model ascorbic acid system can carry out the following 
reactions: acetanilide —> N-acetyl-p-aminophenol and N-acetyl-o-amino- 
phenol; aniline — p-aminophenol; antipyrine — 4-hydroxyantipyrine; 
salicylic acid — gentisic acid; quinoline — 3-hydroxyquinoline; 1 ,3-di- 
methylxanthine — 1 ,3-dimethyluric acid; p-ethoxyacetanilide — N-acetyl- 
paminophenol; tyramine — hydroxytyramine. In each case the hy- 
droxylation product was identical with a substance found to be formed 
from the compound in vivo. 

The hydroxyl group generated by the ascorbic acid system is electro- 
philic and hydroxylates aromatic or heterocyclic rings at electronegative 
sites. 

The use of the ascorbic acid system as a synthetic hydroxylating agent 
is suggested. 
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THE SYNTHESIS OF ARGINYL DIPEPTIDES; THE ACTION 
OF PAPAIN AND TRYPSIN* 
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(Received for publication, January 18, 1954) 


One of the outstanding problems in peptide chemistry has remained the 
synthesis of peptides containing arginine. The importance of such com- 
pounds is obvious since arginine is a universal constituent of proteins and 
is found in many of the physiologically important polypeptides as well. 
Several proteolytic enzymes, notably trypsin (2, 3) and papain (4, 5), can 
hydrolyze certain arginine derivatives. For the further study of the spec- 
ificity and mode of action of these and other proteolytic enzymes, it is 
desirable to have synthetic arginine peptides and their derivatives. 

Fruton (6) has reviewed earlier work on the synthesis of arginine pep- 
tides and has pointed out many of the difficulties; these are largely caused 
by the strongly basic character of the guanidino group. Although a few 
peptides containing arginine have been synthesized, at the time that our 
work was performed there had been no report of the successful preparation 
of arginyl peptides. Since the completion of the investigation reported 
herein, the successful synthesis of arginyl peptides has also been described 
from three other laboratories (7-9). Hofmann, Rheiner, and Peckham 
(9) used a method essentially similar to that described here, but no details 
are given in their preliminary report. 

The principle of our method depends upon the observation of Bergmann, 
Zervas, and Rinke (10) that the basic properties of the guanidino group 
are masked in nitroarginine and that the nitro group can subsequently be 
removed by catalytic hydrogenation. This procedure was used by Berg- 
mann ef al. (10) for the synthesis of glycyl-L-arginine and by Hofmann 
and Bergmann (3) for the preparation of hippuryl-L-argininamide. As 
noted by Fruton (6), attempts to prepare and couple with the acid chloride 
of carbobenzoxynitroarginine have been unsuccessful. The possibility of 
obtaining a hydrazide and coupling by an azide reaction is precluded be- 


* This investigation was aided by grants from the National Institutes of Health, 


United States Public Health Service. A preliminary report of the work has been 
given (1). 
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cause of the reactivity of the nitroguanidino group (11). Since the prepa- 
ration of peptides by coupling with a mixed anhydride has been success- 
fully accomplished by several investigators (12-15), we have tested this 
method. 

We have found that carbobenzoxynitro-L-arginine readily forms a mixed 
anhydride with isobutylchlorocarbonate in the presence of triethylamine, 
The anhydride reacts smoothly with ammonia, aniline, and the esters of 
glycine, L-phenylalanine, L-tyrosine, L-glutamic acid, and L-leucine to give 
the expected derivatives in good yield. By saponification of the carbo- 
benzoxydipeptide esters in an alkaline medium, the corresponding carbo- 
benzoxynitro-L-arginyl dipeptides were obtained. Catalytic hydrogena- 
tion of the free acids gave several of the expected peptides in a high state 
of purity, as judged by analysis and by chromatography on paper. 

The mixed anhydrides of carbobenzoxyglycine and carbobenzoxy-t-phen- 
ylalanine were coupled directly to nitro-L-arginine and gave the expected 
products in satisfactory yield. It has been shown, therefore, that the 
method of coupling with mixed anhydrides is satisfactory for the prepara- 
ration of peptides containing arginine which is linked at its carboxyl or at 
its amino group. 

Felix and Schuberth (16) have reported that arginylarginine obtained 
from hydrolysates of clupeine is not hydrolyzed by trypsin. In a study 
of the action of trypsin on poly-t-lysine, Waley and Watson (17) observed 
that the terminal products were mainly t-lysyl-t-lysine and the tripeptide, 
but that some free lysine was also formed. Earlier, Katchalski (18) had 
found in a similar study that polylysine was readily attacked by trypsin 
and that practically no free lysine was formed. In contrast to these re- 
sults, we have found that crystalline trypsin readily and completely hydro- 
lyzes the four L-arginyl dipeptides containing t-leucine, L-phenylalanine, 
L-glutamic acid, and glycine, although the rate of hydrolysis is only about 
2 to 4 per cent of that of the scission of the substituted compound, benzoy]- 
L-argininamide. It is likely that the failure to obtain satisfactory complete 
hydrolysis of the dipeptides in the earlier studies was due to the use of an 
insufficient quantity of enzyme; however, the possibility has not been ex- 
cluded that the dipeptides containing two basic residues are more resist- 
ant to the action of the enzyme than those used in our study. 

It has recently been found (5) with crystalline papain that the enzyme 
readily hydrolyzes t-leucylglycylglycine and L-leucinamide, but not the di- 
peptide L-leucylglycine, in agreement with earlier studies (19) with par- 
tially purified preparations of this enzyme. Similarly, we have now found 
that crystalline papain has no action on arginyl dipeptides but does hy- 
drolyze carbobenzoxynitro-L-arginyl-L-leucine, the corresponding phenyl- 
alanine derivative, and carbobenzoxynitro-L-argininamide. 
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EXPERIMENTAL 


Nitro-L-arginine—.-Arginine hydrochloride (37 gm.; 0.015 mM) was ni- 
trated by the procedure of Bergmann et al. (10) with the temperature main- 
tained below —5° in a dry ice-alcohol bath. This gave a higher yield 
(26.2 gm.; 60 per cent) than previously reported; m.p., 257-258°. The 
product gave a positive ninhydrin and a negative Sakaguchi reaction. 
Chromatography on Whatman No. 4 paper with butanol-acetic acid-water 
(4:1:5) gave only one ninhydrin-positive spot; Rr = 0.13 (arginine Rp 
= 0.094). 

Carbobenzoxynitro-L-arginine—This was prepared by the method of Berg- 
mann et al. (10) from 16.43 gm. (0.075 m) of nitro-L-arginine. The crude 
product was dissolved in 5 per cent KHCO;, which was then washed five 
times with 50 ml. portions of ethyl acetate. The aqueous solution was 
acidified to Congo red with 6 Nn HCl. Yield, 23.88 gm. (93.8 per cent); 
m.p., 132-134°. Bergmann et al. (10) found 126°; neutral equivalent, 355; 
theory, 353. The product gave a negative ninhydrin test. 

Phthalylnitro-L-arginine—An intimate mixture of nitro-L-arginine (2.19 
gm.; 0.01 m) and phthalic anhydride (1.48 gm.; 0.01 m) was heated at 
140-150° for 90 minutes. The resulting solid was dissolved in ethanol, 
filtered, and concentrated to dryness under reduced pressure. The resi- 
due was dissolved in hot water, treated with Norit A, filtered, and per- 
mitted to cool to 2°. The yield was 1.28 gm. (36.6 per cent); m.p., 204— 
206° (m.p., 209-210.5° after a second recrystallization from hot water). 
A small sample for analysis’ recrystallized two more times showed no 
change in melting point. 


CuHisOsNs. Calculated. C 48.1, H 4.4, N 20.1 
349.3 Found. © 48.25 ° 4.3, “ 20.1 


Nitro-L-arginine Methyl Ester Hydrochloride—Nitro--arginine (2.19 gm.; 
0.01 m) was suspended in 150 ml. of absolute methanol, and dry HCl was 
passed in at 0° until the suspended material was dissolved. The solution 
was concentrated under reduced pressure to dryness and the esterification 
was repeated. After standing overnight at 0°, the product was concen- 
trated in vacuo repeatedly with methanol. The yield was 2.43 gm. (90.3 
per cent). After two recrystallizations from methanol-ether, the melting 
point was 154-155°. 


1 All samples for analysis were dried for 12 to 18 hours in vacuo over P:O; at 93°. 
The water of hydration of the free arginy] peptides is apparently very tightly bound 
and is not removed at this temperature. Analyses were performed by Weiler and 
Strauss of Oxford. The nitrogen determinations were made by the Dumas method, 


except for some of the free peptides, which were also determined by a micro-Kjeldahl 
method. 
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C7Hi.0,N5-Cl. Calculated. C 31.2 m 


6.0, N 26.0 
269.7 Found. * ee. 3. es i 


* 25.8 

Preparation of Carbobenzoxynitro-L-arginine Mixed Anhydride—Carbo- 
benzoxynitro-L-arginine and triethylamine in equimolar quantities were 
dissolved in tetrahydrofuran and cooled to —5°. An equimolar amount 
of isobutyl chlorocarbonate was added slowly and the resulting reaction 
mixture was permitted to stand for 20 minutes. The solution of mixed 
anhydride was used in the preparation of the carbobenzoxynitro-L-arginine 
derivatives given below. 

Carbobenzoxynitro-L-arginine Anilide—Freshly distilled aniline (0.47 gm.. 
0.005 m) was added to a solution of the mixed anhydride prepared from 
1.76 gm. (0.005 m) of carbobenzoxynitro-L-arginine. After standing over- 
night at room temperature, the triethylamine hydrochloride was removed 
by filtration and the filtrate was concentrated in vacuo. The oily product 
was dissolved in ethyl acetate, washed with 5 per cent KHCOs, with 1 y 
HCl and finally with water. The ethyl acetate solution was dried over 
sodium sulfate and concentrated in vacuo. The oil crystallized after stand- 
ing overnight under ether. The yield of product after recrystallization 
from ethyl acetate was 0.89 gm. (41.6 per cent; m.p., 166-167°). Hof- 
mann et al. (9) report 167—168°. 


y 19.6 


CooH2sO;N 6. Calculated. C 56. Ry H 5. N 
“5, see 


6, 
428 .4 Found. * 3e.3 ‘. 
Carbobenzoxzynitro-L-argininamide—The solution of mixed anhydride pre- 
pared as above from 7.06 gm. (0.02 m) of carbobenzoxynitro-L-arginine was 
filtered into absolute methanol (75 ml.) saturated at 0° with anhydrous 
ammonia. After 24 hours in a sealed pressure bottle, a first crop which 
had crystallized from the reaction mixture was collected. On dilution of 
the filtrate with water, a second crop was obtained; total yield, 3.83 gm. 
(54.4 per cent). After two more recrystallizations from ethanol-water, 
the melting point was 219-220°. 


CuH2OsN¢. Calculated. C 47.7, H 5.7, N 23.9 
352.4 Found. "i, Gh Bee 


Carbobenzoxynitro-L-arginylglycine Ethyl Ester—A mixture of glycine 
ethyl ester hydrochloride (0.35 gm.; 0.0025 m) and triethylamine (0.27 
gm.; 0.0025 m) in 10 ml. of chloroform was added to a solution of the mixed 
anhydride prepared as above from 0.88 gm. (0.0025 m) of carbobenzoxy- 
nitro-L-arginine. The reaction mixture was heated to a reflux, cooled, and 
concentrated in vacuo. The oil was dissolved in ethyl acetate, and washed 
with 5 per cent KHCO;, 1 Nn HCl, and water. The dried ethyl acetate 
solution was concentrated in vacuo. The compound crystallized under 
ether. After three recrystallizations from ethyl acetate-ligroin (60-110°), 
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the yield was 0.30 gm. (28 per cent); m.p., 124-126°. The product gave a 
negative ninhydrin test. 


)0- CisH2s0;N¢6. Calculated. C 49.3, H 6.0, N 19.2 
are 438.4 Found. 4, G3," 25 
nt 


Carbobenzoxynitro-L-arginylglycine—Carbobenzoxynitro-L-arginylglycine 


on ethyl ester (2.19 gm.; 0.005 m) was dissolved in acetone-water (1:1) and 

ed treated with 5.5 ml. of 1 n NaOH for 45 minutes. The solution was acidi- 

-” fied to Congo red with 1 n HCl and concentrated under reduced. pressure 
to give the crystalline product. Yield, 1.80 gm. (88 per cent); m.p., 110- 

- 116°. A sample was recrystallized from methanol-water (m.p., 111-113°) 

ves for analysis. The product gave a negative ninhydrin test. 

er- 

ved CisgH2207N ¢. Calculated. C 46.8, H 5.4, N 20.5 

uct 410.4 Found. a, 2 wee 

IN Carbobenzoxzynitro-L-arginylglycine Benzyl Ester—A mixture of glycine 


ver benzyl ester hydrochloride (6.03 gm.; 0.03 m) and triethylamine (3.33 gm.; 
nd- 0.033 m) in 60 ml. of chloroform was added to the mixed anhydride pre- 
ion pared in the usual manner from 7.06 gm. (0.02 m) of carbobenzoxynitro-L- 
Lof- arginine. After standing overnight at room temperature, the reaction 
mixture was washed with water, 1 Nn HCl, and again with water. A first 
crop of the product crystallized at this point. The yield was 4.30 gm. (43 
per cent); m.p., 153.5-154.5°. The filtrate was washed with 5 per cent 
KHCO; and with water, then dried over anhydrous sodium sulfate and 
andl made just cloudy with ligroin (60-110°). The second crop of the com- 
was pound was 1.49 gm. (14.9 per cent); m.p., 150-152°. A dried sample (m.p., 


mee 153.5-154.5°) was analyzed; it gave negative ninhydrin and Sakaguchi re- 
Lic 


actions. 
1 of CosH2s0;N. Calculated. C 55.2, H 5.6, N 16.8 
gm. 500.5 Found. “ 55.0, “ 5.6, “ 17.0 
ter, 


L-Arginylglycine Sulfate—Carbobenzoxynitro-L-arginylglycine benzyl es- 
ter (1.50 gm.; 0.003 m) was dissolved in a mixture of methanol (50 ml.), 
glacial acetic acid (20 ml.), and 6 N H,SO, (1 ml.), and hydrogenated at 
room temperature and an atmospheric pressure over palladium (0.5 gm.) 
cine until no further evolution of CO2 was observed. The hydrogenation was 
).27 continued overnight at room temperature with fresh catalyst (0.5 gm.) 
‘xed at 50 pounds pressure.2 The catalyst was removed by filtration. After 


Ixy- * Samples were tested on paper chromatograms at various times during the hydro- 


and genation of this and other compounds to estimate the rate of reduction of the nitro 
shed group. It was evident that the nitro group is partially reduced at atmospheric 
tate pressure and, in most instances, presumed intermediates in the reduction of the 
ies nitro compound could be detected as ninhydrin-reacting substances on paper chro- 


Ff matograms. Intermediate reduction products of nitroguanidine have been re- 
0°), ported (11). 
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concentration under reduced pressure, the product was taken up in water 
(about 4 ml.) and treated with absolute ethanol. After standing over. 
night, the yield of L-arginylglycine sulfate was 0.50 gm. (45.4 per cent), 
The product gave positive ninhydrin and positive Sakaguchi reactions. 
CsH1;0;N;s-H:S0,-2H,0. Calculated. C 26.3, H 6.4, N 19.2 
365.3 Found. ** 26.4, ** 6.2, ** 19.0 
[a]},” +41.2° (1% in water) * 

Carbobenzoxynitro-L-arginyl-L-leucine Methyl Ester—A mixture of L-leu- 
cine methyl ester hydrochloride (8.43 gm.; 0.04 m) and triethylamine (4.44 
gm.; 0.04 m) in 80 ml. of chloroform was added to the mixed anhydride 
from 10.59 gm. (0.03 m) of carbobenzoxynitro-L-arginine. After standing 
overnight, the insoluble product was collected. After washing with water, 
the yield of carbobenzoxynitro-L-arginyl-L-leucine methyl ester was 7.63 
gm. (52.9 per cent); m.p., 159-160°. The filtrate was washed with 1 n 
HCl, 5 per cent KHCO;, and water. After the solution was dried with 
anhydrous sodium sulfate, a second crop of product crystallized, and a 
further yield was obtained on addition of ligroin; yield of these crops, 1.84 
gm. (12.9 per cent). The crops were combined and recrystallized from 
ethanol-water (50:50) to give 7.7 gm. (53.4 per cent); m.p., 162-163.4°. 
For analysis a sample was recrystallized from methanol-water (50:50) to 
give a product with the melting point unchanged. 


Co:H3207N ¢. Calculated. C 52.5, H 6.7, N 17.5 
480.5 Found. ~ 2.4," Sa,” in 


Carbobenzoxynitro-L-arginyl-L-leucine—The above ester (4.80 gm.; 0.01 
M) was suspended in acetone-water (1:1) and treated with 12 ml. of 1 n 
NaOH for 75 minutes, and the solution was then acidified to Congo red 
with 2 Nn HCl. When concentrated in vacuo, the product crystallized. 
The product was collected after standing in the cold and dissolved in 1 n 
KHCO;. The bicarbonate solution was washed five times with ethyl ace- 
tate and then acidified with 2 N HCl. The yield was 4.58 gm. (98.3 per 
cent); m.p., 159-161°. This was recrystallized from ethanol-water (1:1) 
to give 4.40 gm. (94.5 per cent); m.p., 161—162°. 

C2oHs007N¢. Calculated. C 51.5, H 6.5, N 18.0 
466.5 Found. ae: Oia,” Been 


L-Arginyl-L-leucine Hydrochloride—Carbobenzoxynitro-L-arginy]-.-leu- 
cine (2.33 gm.; 0.005 m) was dissolved in a mixture of glacial acetic acid 
(50 ml.) and 2 n HCl (2.6 ml.) and hydrogenated as described for the gly- 
cine compound. The filtered solution was concentrated to dryness in 
vacuo and repeatedly with absolute ethanol to give the product in quanti- 


’ The rotation is computed for the anhydrous free peptide. 
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tative yield. The solid was extracted with hot anhydrous absolute ethanol 
and then recrystallized from 90 to 95 per cent ethanol. The yield of ro- 
settes of needles was 0.70 gm. (43.2 per cent); m.p., 222° with decompo- 
sition. The product gave positive ninhydrin and Sakaguchi reactions. 
Concentration of the filtrate and recrystallization from 90 to 95 per cent 
ethanol of the resulting solid gave an additional 0.25 gm. (15.5 per cent) 
of recrystallized product. 


Ci2H2;0;N5-HC1-2H20. Calculated. N 19.5 
359.8 Found. ** 19.6 
Neutralization equivalent, 358 
[a]? +10.2° (1% in water)? 


Carbobenzoxynitro-L-arginyl-L-phenylalanine Ethyl Ester—A mixture of t- 
phenylalanine ethyl ester hydrochloride (6.90 gm.; 0.03 m) and triethyla- 
mine (3.33 gm.; 0.031 m) in 100 ml. of chloroform was added to a solution 
of the mixed anhydride prepared from 10.59 gm. (0.03 m) of carbobenz- 
oxynitro-L-arginine. After standing overnight, the reaction mixture was 
washed with water, 1 n HCl, 1 n KHCOs, and finally with water. The 
solution was dried over sodium sulfate and concentrated in vacuo to a 
volume of 60 ml.; ligroin (60—-110°) was added until the solution was just 
turbid. The product crystallized on standing overnight at room tempera- 
ture. Yield, 5.0 gm. (31.7 per cent); m.p., 141-148°. A second crop was 
obtained with the addition of more ligroin; yield, 1.44 gm. (9 per cent). 


C25H3207N ¢. Calculated. C 56.8, H 6.1, N 15.9 
528.6 Found. “ 56.7, “ 6.2, 15.9 


Carbobenzoxynitro-L-arginyl-L-phenylalanine—The above ester (5.28 gm.; 
0.01 m) was dissolved in acetone-water (1:1) and treated with 11 ml. of 1 
n NaOH for 90 minutes. The solution was extracted five times with ethyl 
acetate and then acidified to Congo red with 2N HCl. When concentrated 
under reduced pressure, the product crystallized. The yield after standing 
in the cold was 4.08 gm. (81.6 per cent); m.p., 223-224°. When recrystal- 
lized from methanol-water, the melting point was 224.5-226°. 


Co3H2307N 6. Calculated. C 55.2, H 5.6, N 16.8 
500.5 Found. oi, 5.4." ED 


L-Arginyl-L-phenylalanine Hydrochloride—Carbobenzoxynitro-.L-arginyl- 
L-phenylalanine (1.50 gm.; 0.003 m) was dissolved in a mixture of glacial 
acetic acid (100 ml.), methanol (25 ml.), and 2 n HCl (1.8 ml.), and hydro- 
genated as already described. The filtered solution was concentrated in 
vacuo and the residue dissolved in a few ml. of water and ethanol. Ether 
was added to a faint cloudiness and the solution permitted to stand in the 
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cold overnight. The peptide hydrochloride separated in a yield of 0.59 
gm. (55 per cent); it gave positive ninhydrin and Sakaguchi reactions. 
C,;H2;0;N;-HCl-H.0. Calculated. C 47.9, H 7 a, N 18.6 


375.8 Found. a te” ae 
[a]},’ +36.6° (1% in water)* 


Carbobenzoxynitro-L-arginyl-L-glutamic Acid Diethyl Ester—A mixture of 
L-glutamic acid diethyl ester hydrochloride (8.0 gm.; 0.04 m) and triethyl. 
amine (4.5 gm.; 0.04 m) in 70 ml. of chloroform was added to a solution of 
the mixed anhydride in tetrahydrofuran obtained from 10.6 gm. (0.03 ») 
of carbobenzoxynitro-L-arginine. After 18 hours, the triethylamine hy- 
drochloride was removed and the filtrate was washed with water, 1 n HC), 
5 per cent KHCOs, and finally with water. The dried solution was con- 
centrated to a volume of about 50 ml. and treated with ligroin (60-110°), 
The yield of expected product was 10.0 gm. (62 per cent); m.p., 113-118°, 
The product was recrystallized from ethyl acetate-ligroin; m.p., 111—113°, 


Co3H3409N¢. Calculated. C 51.3, H 6.4, N 15.6 
538 .6 Found. "ee.6, ~ Sa, 


Carbobenzoxynitro-L-arginyl-L-glutamic Acid—The above diester (4.03 
gm.; 0.0075 m) was dissolved in acetone-water (1:1) and treated with 16.5 
ml. of 1 Nn NaOH for 90 minutes. The solution was washed five times with 
ethyl acetate and then acidified to Congo red with 2 n HCl. When con- 
centrated in vacuo, the product crystallized. Yield, 3.28 gm. (91 per cent); 
m.p., 208-210° (211-212° after recrystallization from methanol-water). 

CigH2s09Ne6. Calculated. C 47.3, H 5.4, N 17.4 

482.6 Found. a Be, ae 
' L-Arginyl-L-glutamic Acid—Carbobenzoxynitro-L-arginyl-L-glutamic acid 
(1.61 gm.; 0.033 m) was suspended in glacial acetic acid (75 ml.), methanol 
(25 ml.), and water (5 ml.), and hydrogenated as described. The filtered 
solution was concentrated in vacuo three times with absolute ethanol to 
yield a white solid, which was then extracted four times with hot absolute 
ethanol until the residue was chromatographically pure. The yield was 
0.87 gm. (82 per cent). The product gave positive ninhydrin and Saka- 
guchi reactions. 


Ci,H20;N;5-H.20. Calculated. C 41.1, Hi 7. N ° 
321.3 Found. *66," 7.4." 8.6 
{a}; +27.2° (1% in water)* 
Gish and Carpenter (7) found [a]?? = +22.0° (1 per cent in water). 
Carbobenzoxynitro-L-arginyl-L-tyrosine Ethyl Ester—A mixture of tyrosine 
ethyl ester (0.52 gm.; 0.0025 m) in 5 ml. of tetrahydrofuran was added to a 
solution of the mixed anhydride prepared in the usual way from 0.88 gm. 
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of carbobenzoxynitro-L-arginine. The reaction mixture was heated to a 
reflux on a steam bath, cooled, and concentrated in vacuo. The residual 
oil was dissolved in ethyl acetate and washed with 1 per cent KHCOs, 1 
x HCl, and water. The solution was dried over anhydrous sodium sulfate 
and concentrated in vacuo to give an oil whichcrystallized under anhy- 
drous ether. The yield was 0.81 gm. (60 per cent). After three recrys- 
tallizations from ethyl acetate-ligroin (60-110°), the melting point was 
139-141°. 


C2sH320sN5. Caleulated. C 55.1, H 5.9, N 15.4 
544.6 Found. ae ee 5.5 

Carbobenzoxyglycylnitro-L-arginine—A_ solution of carbobenzoxyglycine 
(1.05 gm.; 0.005 m) and triethylamine (0.51 gm.; 0.005 m) in 15 ml. of 
toluene was converted at —5° to the mixed anhydride with isobutylchloro- 
carbonate (0.68 gm.; 0.005 m) in the usual way. The solution of the an- 
hydride was added to an aqueous solution of nitro-L-arginine (1.09 gm.; 
0.005 m) in 5 ml. of 1 n NaOH. After being stirred for 3} hours, during 
which time the reaction mixture was permitted to warm up to room tem- 
perature, the aqueous layer was washed four times with ether and then 
acidified to Congo red with 5n HCl. The product crystallized on standing 
in the cold. After two recrystallizations from acetic acid-water, the yield 
was 1.00 gm.; m.p., 139-141°. This product was shown to be identical 
by mixed melting point with an authentic sample of carbobenzoxyglycyl- 
nitro-L-arginine prepared by the method of Bergmann et al. (10). 

Carbobenzoxy-L-phenylalanylnitro-L-arginine—A_ solution of carboben- 
zoxy-L-phenylalanine (1.49 gm.; 0.005 m) and triethylamine (0.51 gm.; 
0.005 m) at —5° in 15 ml. of toluene was converted to the mixed anhydride 
with isobutylchlorocarbonate (0.68 gm.; 0.005 m). After 25 minutes the 
solution was added to nitro-L-arginine (1.09 gm.; 0.005 m) in 5 ml. of 1 nN 
NaOH. The mixture was stirred for 4 hours and permitted to warm to 
room temperature. The solution was washed four times with ether and 
acidified to Congo red with 6 n HC]. The compound crystallized after 
standing in the cold. Yield, 1.25 gm. (50 per cent); m.p., 145-155°; after 
two recrystallizations from glacial acetic acid-water, m.p., 171.5-173°. 

Co3H2g07N¢6. Calculated. C 55.2, H 5.6 
500.5 Found. * Gp.t, “* 35 


Chromatography of Peptides and Their Hydrolysates—A sample (100 mg.) 
of each of the peptides was hydrolyzed with 6 N HCl in a sealed tube at 
105° for 16 hours. ‘The excess HCl was removed in vacuo, followed by two 
additional evaporations after the addition of water. The residue was 
taken up in a few drops of water and about half of the hydrolysate was 
placed on each of two chromatograms. The peptides concerned, their 








760 ARGINYL PEPTIDES 


hydrolysates, and their constituent amino acids were then run simultane. 
ously on Whatman No. 4 paper with butanol-acetic acid-water (4:1:5) as 
the solvent. One chromatogram was sprayed with 0.1 per cent ninhydrin 
and the other with the Sakaguchi reagent. 

The results of the chromatograms showed that each dipeptide was free 
of other ninhydrin-positive or Sakaguchi-positive material. Ry values of 
the dipeptides were calculated from the two chromatograms, one sprayed 
with ninhydrin and the other with the Sakaguchi reagent as follows: L- 
arginyl-L-leucine 0.39; L-arginyl-L-phenylalanine 0.32; L-arginyl-.-gluta- 
mic acid 0.10; and L-arginylglycine 0.064. 

The hydrolysate of each peptide contained two ninhydrin-positive sub- 
stances, one of which was also Sakaguchi-positive. The ninhydrin-Saka- 
guchi-positive substance had an Ry value identical with that of arginine. 
The second ninhydrin-positive substance was found in each case to have 
an Rp value identical with that of the amino acid expected from the hy- 
drolysis of the corresponding L-arginyl peptide; 7.e., the second spot in the 
hydrolysate of L-arginyl-L-leucine had an Ry value identical with that of 
leucine. 

To confirm the chromatographic homogeneity of the above L-arginyl 
dipeptides (except glycine), they were run simultaneously on Whatman 
No. 1 paper with phenol-water-ammonia as the solvent. Each peptide 
moved as a single spot, as indicated by the ninhydrin and the Sakaguchi 
tests. The peptides moved very rapidly, L-arginyl-L-leucine and L-argi- 
nyl-L-phenylalanine being somewhat faster than arginine, whereas L-ar- 
ginyl-t-glutamic acid was slower. Ry values were not calculated, since 
the spots moved rapidly and very near the solvent front. 

Chromatography of Carbobenzoxynitro-L-arginine, Peptide Derivatives, and 
Their Hydrolysaies—Samples of carbobenzoxynitro-L-arginine and of the 
glycine and leucine derivatives were hydrolyzed with 6 N HCl in sealed 
tubes at 105° for 16 hours. The excess HCl was removed in vacuo, fol- 
lowed by two additional evaporations after the addition of water. The 
residue from each hydrolysate was run on Whatman No. 4 paper with buta- 
nol-acetic acid-water (4:1:5) as the solvent. The results of the chroma- 
tograms showed that for each hydrolysate (except carbobenzoxynitro-1- 
arginine) three ninhydrin-positive substances were present. One substance 
had an R, value identical with that of arginine, one substance had an Ry 
value identical with that of ornithine, and the third had the R, value cor- 
responding to that of the expected amino acid. For the hydrolysate of 
carbobenzoxynitro-L-arginine, only two ninhydrin-positive substances were 
found, one corresponding to arginine and the other to ornithine. It is evi- 
dent from these results that carbobenzoxynitroarginine and its derivatives 
are partially degraded under the given hydrolytic conditions to ornithine. 
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Enzyme Studies 


Action of Papain—As shown in Table I, crystalline papain has no de- 
tectable action on unsubstituted dipeptides containing arginine, despite the 
fact that benzoyl-L-argininamide is an exceedingly sensitive substrate for 
thisenzyme. It is of considerable interest that the two carbobenzoxynitro- 
L-arginyl dipeptides tested are both hydrolyzed at rates similar to that for 
the acyl dipeptides containing neutral amino acids studied by Kimmel and 
Smith (5). The presence of the nitro group in suppressing the basicity of 
the arginyl residue diminishes the sensitivity of these compounds and of 


TaBie I 
Action of Papain on Arginine Compounds 
The experiments were performed at 39° and between pH 5.3 and 5.9 for the pep- 
tides and pH 5.8 and 6.1 for the acyl derivatives. The hydrolysis of benzoyl-t- 
argininamide is independent of pH in this region (5). The assay flasks contained 
0.005 m cysteine, 0.001 m Versene, 0.1 m maleate buffer, and 0.05 m substrate. 











Substrate a test CO 
mg. per ml. 

Bensoyl-i-argininamide.......................005- 0.05 1.00 
NG 2 occ oct nds Ce oeeseteeewnan wey 0.6 0* 
ETT ECE PE TTT ee Le eee 0.6 0* 
u-Arginyl-L-phenylalanine......................- 0.6 0* 
t-Arginyl-L-glutamic acid........................ 0.6 0* 
Carbobenzoxynitro-L-arginyl-L-leucine........... 0.6 0.0037 
Carbobenzoxynitro-L-arginyl-L-phenylalanine.. . 0.6 0.0036 
Carbobenzoxynitro-L-argininamide............ 0.06 0.011 








* No detectable hydrolysis in 24 hours. 


carbobenzoxynitro-L-argininamide; this clearly shows that the basic group 
is responsible for the rapid scission of benzoyl-L-argininamide. 

The papain was prepared and twice recrystallized as previously described 
(5). Liberated carboxyl groups were estimated on 0.2 ml. aliquots by the 
Grassmann-Heyde microtitration method (20). The hydrolysis of the sus- 
ceptible compounds followed first order kinetics as described by the C; 
values (the first order rate constants per mg. of protein N per ml.). The 
sensitive compounds gave 100 per cent of the hydrolysis to be expected for 
the complete scission of a single bond. 

Action of Trypsin—These studies were performed in the manner de- 
scribed for papain with a crystalline preparation of beef trypsin (Armour 
Research Laboratories, 9041X)* which was dialyzed at 2° against 0.001 m 


‘We wish to thank Dr. Edwin E. Hays of the Armour Research Laboratories for 
supplying us with this preparation. 
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CaCl, to remove MgSO, in the dried crystals. The hydrolysis of the four 
susceptible peptides followed first order kinetics (Table II). Previous 
studies of the specificity of tryptic action on synthetic substrates by Berg. 


TaBLe II 
Action of Trypsin on Arginyl Dipeptides and Derivatives 
The tests were performed at 25° and at pH 7.5 to 7.8 in the presence of 0.02 y 
tris(hydroxymethyl)aminomethane buffer. The substrate concentration was 0.05. 








Substrate ee 5 test C1 
mg. per ml. 

Benzoyl-u-argininamide........................ 0.412 0.023 
er re es 4.12 0.00083 
a gps cr aina acy <p dyslnanpiece wb aides if 4.12 0.00067 
u-Arginyl-t-phenylalanine...................... 4.12 0.00066 
u-Arginyl-u-glutamic acid.......................-- 4.12 0.00040 
Carbobenzoxynitro-L-arginyl-u-leucine.......... 4.36 0* 
Carbobenzoxynitro-L-arginyl-L-phenylalanine. . . 4.36 0* 
Carbobenzoxynitro-L-argininamide................ 4.36 0* 











* No detectable hydrolysis in 24 hours. 


TaBe III 
Action of Swine Kidney Extract on u-Arginyl-u-leucine 

The experiments were performed at 39° with an extract of acetone powder of 
swine kidney prepared by suspending the acetone-dried powder in deionized water 
for 30 minutes, followed by centrifuging for 15 minutes to yield an almost clear 
supernatant fluid which was used in the tests. The solutions used in this experi- 
ment were buffered with 0.02 m acetate at pH 5.3 to 5.5. The substrate concentra- 
tion was 0.05 M. 





Ci 








Protein N in 
Substrate : 
test solution - - 
No addition | With 0-001 m | Wien oo 
mg. per ml. 
Benzoyl-L-argininamide...... ; 0.55 | 0.00072 0.00062 0.00070 





u-Arginyl-L-leucine ...... | 0.55 | 0.00086 0.00082 | 0.00059 





mann and coworkers (2, 3) have demonstrated that the action of this 
enzyme is restricted to peptide or amide bonds containing a basic residue 
at the carbonyl moiety of the susceptible bond. Similar results were 
obtained on the oxidized B chain of insulin by Sanger and Tuppy (21). 
The present results, showing the complete resistance of the nitro com- 
pounds, are in agreement with the earlier studies. 
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The susceptibility of the four arginyl dipeptides shows that the action 
of this enzyme is not exclusively that of an endopeptidase, according to 
earlier restricted definitions; nevertheless, the much greater sensitivity of 
benzoyl-L-argininamide and other substrates of the endopeptide type (22) 
indicates that the presence of a-ionic groups in the dipeptides markedly 
inhibits tryptic action. 

The action of trypsin on the four dipeptides resulted in the complete 
cleavage of a single peptide bond in each compound in further confirmation 
of the purity of these substances. 

Action of Kidney Extract—An aqueous extract of an acetone-dried pow- 
der of swine kidney which hydrolyzes benzoyl-L-argininamide was also 
found to act on L-arginyl-L-leucine at approximately the same rate (Table 
III). It is of interest that, with this preparation, there was no detectable 
activation by Mnt* or by cysteine of the hydrolysis of either compound. 


SUMMARY 


The synthesis of arginyl dipeptides has been accomplished by a method 
which utilizes the following reactions: (1) conversion of carbobenzoxynitro- 
L-arginine to the mixed anhydride with isobutylchlorocarbonate; (2) coup- 
ling with an ethyl or benzyl ester of an amino acid to yield the carbo- 
benzoxynitro-L-arginyl amino acid ester; (3) saponification of the ester 
(except benzyl) to obtain the carbobenzoxynitro-L-arginylamino acid; and 
(4) catalytic hydrogenation in the presence of palladium of the carbo- 
benzoxynitro-L-arginylamino acid (or benzyl ester) to yield the dipeptide. 
The following compounds have been obtained pure as judged by analysis, 
by tryptic hydrolysis, and by paper chromatography: L-arginylglycine 
sulfate, L-arginyl-L-phenylalanine hydrochloride, L-arginyl-L-leucine hydro- 
chloride, and L-arginyl-L-glutamic acid. All the intermediates were ob- 
tained in crystalline form and characterized. 

Improved yields of nitro-L-arginine and its carbobenzoxy derivative have 
been obtained. The preparation of phthalylnitro-L-arginine, nitro-L-ar- 
ginine methyl ester hydrochloride, carbobenzoxynitro-L-arginine anilide, 
and carbobenzoxynitro-L-argininamide is described. The mixed anhy- 
drides of carbobenzoxyglycine and carbobenzoxy-L-phenylalanine were 
coupled directly to nitro-L-arginine to give the peptide derivatives in good 
yield. 

Crystalline trypsin hydrolyzes the four arginyl dipeptides but has no 
effect on the carbobenzoxynitro derivatives. Crystalline papain has no 
action on the free dipeptides but does hydrolyze slowly carbobenzoxy- 
nitro-L-argininamide and carbobenzoxynitro-L-arginy] derivatives of L-leu- 
tine and L-phenylalanine. An extract of swine kidney hydrolyzes L-ar- 
ginyl-L-leucine. 
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GLYCOGENESIS IN THE LIVER OF THE FETAL GUINEA PIG* 


By ANDREW M. NEMETH,f WILLIAM INSULL, Jr.,} ano 
| LOUIS B. FLEXNER 


| (From the Department of Embryology, Carnegie Institution of Washington, Baltimore, 
Maryland, and the Department of Anatomy, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, October 22, 1953) 


In the developing fetal liver of many animals, the appearance of glycogen 
in quantities demonstrable by classical chemical methods is a relatively 
tardy and abrupt event. For example, using Sahyun and Alsberg’s (1) 
modification of Pfliiger’s technique, Hard et al. (2) have shown in the 
guinea pig that there is no detectable liver glycogen up to the 56th day of 

gestation (term 66 days) but that it is abundant within the following 
' week. Several observations indicate that onset of glycogenesis is due to 
changes in the hepatic cells themselves and not to extrinsic factors such as 
hormones. Glycogen appears in chick cardiac muscle prior to its appear- 
ance in the liver (3), chick hepatic cells, placed in tissue culture before 
differentiation of the pancreatic islets and before glycogen storage, gain 
with time the ability to form and store glycogen (4), and liver cells trans- 
planted from a preglycogen stage chick embryo onto the chorioallantois 
of a chick, the liver of which contained glycogen, failed to elaborate glyco- 
gen earlier than its controls left in situ (5, 6). 

In our experimental approach we have been largely concerned with an 
investigation in the developing liver of the fetal guinea pig of those enzymes 
and cofactors known to control glycogen formation. The approach has 
been in major part directed to the question: Is there an absence of one or 
more of these essential components which may account for the absence of 
glycogen in the early liver? In addition, we have confirmed the findings 
of Hard et al. on the time of appearance of glycogen in the liver of the 





* This is Contribution XVII of the series entitled ‘‘Biochemical and physiological 
differentiation during morphogenesis.’? This investigation was supported by a re- 
search grant from the Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service, and by a grant from the 
American Cancer Society recommended by the Committee on Growth of the National 
Research Council. 

t Henry Strong Denison Scholar, 1951-52, The Johns Hopkins University, School 
of Medicine. Present address, Harriet Lane Home of the Johns Hopkins Hospital, 
Baltimore. 

t Henry Strong Denison Scholar, 1947-49, The Johns Hopkins University, School 


of Medicine. Present address, Hospital of The Rockefeller Institute for Medical 
Research, New York. 
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fetal guinea pig and have demonstrated that in the guinea pig, as in the 
chick, glycogen appears in cardiac and skeletal muscle long before it ap- 
pears in the liver. 


Methods 


Liver was obtained from adults or fetuses under pentobarbital anesthesia 
or after sacrificing the adult animal by intracardiac injection of air. Anes- 
thesia was without demonstrable effect on enzyme activities. Except 
when noted analyses were carried out on material from one individual 
only. Fetal age was estimated from crown-rump length by reference to 
the table of Ibsen (7). 

Phosphorylase Activity—Liver was used immediately or was frozen on 
dry ice. Tissue could be kept on dry ice for at least 3 months without 
appreciable effect upon its phosphorylase activity. Phosphorylase was 
extracted by the method of Cori et al. (8) adapted to our material. The 
preparation was cooled in an ice bath throughout the procedure. Tissue 
was homogenized and extracted with water. The enzyme was adsorbed 
upon aluminum hydroxide Cf, eluted with 0.25 m sodium glycerophos- 
phate, and precipitated by 0.3 saturation with ammonium sulfate at 10° 
and pH 7.0. It was then dissolved in 0.05 m glycerophosphate and 0.02 
m glutathione at pH 6.7. The freshly prepared enzyme was incubated 
for 2 hours at 25°. The concentrations in the reaction mixture were 
glucose-1-phosphate, 16 mm, adenylic acid, 1 mm, glycogen, 0.5 per cent, 
glutathione, 0.02 m, and glycerophosphate buffer, 0.05 m, at pH 6.7. The 
activity of the extracted enzyme was determined under the conditions of 
Cori and Cori (9). The appearance of polysaccharide was qualitatively 
verified by testing an acidified aliquot of the reaction mixture at the end of 
incubation with a few drops of an I,-KI solution. The enzyme preparation 
was found to be free of detectable phosphatase and phosphoglucomutase 
activity. The time-course of phosphorylase activity was as described by 
Cori and Cori (9) and the activity of the enzyme was proportional to the 
amount of tissue from which it was extracted. As the method of enzyme 
extraction was standard for all the tissues but is not quantitative, the re- 
ported activities of phosphorylase are of significance only among them- 
selves. An adult preparation known to contain active phosphorylase was 
included with each set of determinations on fetal extracts. Glucose-l- 
phosphate was prepared according to Sumner and Somers (10). Muscle 
adenylic acid was obtained by Kerr’s hydrolysis (11) of adenosinetriphos- 
phate prepared according to Needham (12). Glycogen was prepared by 
the method of Good et al. (13). Aluminum hydroxide C8 was prepared by 
the method of Willstatter et al. (14). 

Phosphoglucomutase Activity—Liver was perfused with isotonic saline, 
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excised, frozen on dry ice, weighed, and then analyzed immediately. A 
homogenate was made with distilled water. The final concentrations in 
the reaction mixture were 0.05 m pentobarbital buffer, 5 mm of MgSO,, 6 
ma of glucose-1-phosphate (Schwarz), and 3.3 per cent wet weight of tissue 
(15). Cysteine did not significantly affect the activity of the enzyme and 
so was not routinely used. The pH after 10 minutes of incubation at 35° 
was 7.4. The rate of the reaction was linear over the range of substrate 
utilization. Activity was determined in terms of disappearance of acid- 
labile phosphate by the method of Fiske and Subbarow (16). 

Glucose-1 ,6-diphosphate—We are obliged to Dr. Lawson Rosenberg for 
these determinations. He used the method of Najjar' which depends on 
the conversion of glucose-1-phosphate to glucose-6-phosphate by crystalline 
phosphoglucomutase, glucose-1 ,6-diphosphate being the limiting factor in 
the reaction mixture. 

Under pentobarbital anesthesia livers were obtained from two pregnant 
animals and from one fetus of each litter (gestation ages 40 and 45 days). 
The maternal livers were perfused with isotonic saline. Immediately after 
excision, the livers were frozen on dry ice and homogenized in a dilute 
phosphate buffer to give a pH of 7.0. The homogenates were placed in 
boiling water for 2 minutes, quickly frozen in dry ice and alcohol, and sub- 
sequently analyzed. 

Polysaccharide Primer—A homogenate of perfused liver was prepared as 
for phosphoglucomutase. The final concentrations in the reaction mixture 
(17) were 20 per cent wet weight of tissue, 0.2 m BaCl., 2 mm of adenylic 
acid (Schwarz),? and 0.1 m glucose-1-phosphate (Schwarz).2 The pH after 
1.5 hours of incubation at 35° was 6.7. Glycogen was precipitated by the 
method of Good et al. (13). An acidified suspension of the precipitate was 
made and an I,-KI solution added to test for the presence of polysaccha- 
ride. An aliquot of the reaction mixture was similarly tested at the be- 
ginning of incubation. 

Glycogen—Glycogen was extracted from liver by the method of Good et al. 
(13). After hydrolysis according to Sahyun and Alsberg (1), glucose was 
measured by the Folin-Wu technique (18). Negative results obtained by 
this procedure were checked by the modification of Walaas and Walaas 
(19). 

Glycogen was extracted from the gluteal muscle in the same manner as 
from the liver. An acidified suspension of the precipitate was made and an 
I;-KI solution added to test for the presence of glycogen. 

Glycogenesis in Liver Slices—To avoid possible effects of anesthesia, liver 

' Najjar, V., unpublished. 

* Considering the method of synthesis, it is thought no contaminating polysac- 
charide capable of priming liver phosphorylase could be present. 
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was obtained from fetuses delivered from animals without anesthesia, the 
spinal cords of these animals having been previously transected at the 
mid-thoracic level. Maternal animals were fasted for 24 hours only when 
the presence of glycogen was anticipated in the fetal livers. The tissue 
was used immediately without cooling or perfusion. Glycogenic activity 
in vitro was measured by the method of Deane et al. (20) with medium D, 
The substrate was 1 per cent glucose or 1 per cent fructose. Fructose was 
used because of its presence in fetal blood (21) and because slices of rabbit 
liver form glycogen more rapidly from fructose than from glucose (22), 
In all cases tissue concentration was 150 mg. per ml. of medium. When 
one liver was insufficient, livers from litter mates were pooled. At the 
end of 2 hours of incubation the pH of the medium was 7.1. Preparation 
time from the death of the anima] to the beginning of incubation varied 
from 7 to 25 minutes with an average of 20 minutes. The reaction was 
stopped by the addition of KOH to a final concentration of 30 per cent. 
Control values of tissue glycogen content were determined at the beginning 
of the incubation period. Glycogen was precipitated by the method of 
Good et al. (13). Following glycogen hydrolysis in 1 N HCl at 100° for 2 
hours and precipitation with Ba(OH),2 and ZnSO,, glucose was determined 
according to Nelson (23). 


Results 


As shown in Fig. 1, glycogen was first demonstrated in the liver on the 
57th day of gestation. However, it was found in cardiac and skeletal mus- 
cle on the 39th day; no effort was made to determine the time when glyco- 
gen first appears in muscle. 

The levels of phosphorylase and phosphoglucomutase activities (Fig. 1) 
‘are essentially constant during that part of gestation which has been 
studied; there is no indication that appearance of glycogen is to be cor- 
related with changes in the activities of either of these enzymes. 

The concentration of glucose-1 ,6-diphosphate was, within +5 per cent 
of the mean value, the same in the maternal liver as in the corresponding 
40 and 45 day fetus. 

Polysaccharide adequate to prime the endogenous phosphorylase was 
demonstrated in homogenates of liver from fetuses which had not yet 
reached the stage at which glycogen is chemically demonstrable (Table I). 
The polysaccharide synthesized in these reaction mixtures gave a purple 
color on addition of an I,-KI solution. The polysaccharide present in vivo 
at later glycogen-containing developmental stages gave a claret color with 
an I,-KI solution. The polysaccharide synthesized in vitro, however, with 
homogenates of such livers gave, as in earlier stages, a purple color. No 
effort was made to characterize further the structure of the synthesized 
polysaccharide. 
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Fig. 1. Phosphorylase and phosphoglucomutase activity in fetal and adult liver. 
@, phosphorylase activity expressed in terms of amount of inorganic phosphate freed 
per unit weight of liver per unit time from glucose-1-phosphate ;O , phosphoglucomu- 
tase activity expressed in terms of amount of acid-labile phosphate which disap- 
peared per unit weight of liver per unit time with glucose-1-phosphate as substrate. 


TABLE I 
Polysaccharide Synthesis in Homogenates of Fetal Liver 





Gestation age 








35 days 42 days | 44 days | 64 days 





| Color reaction with I:-KI solution 





























Before incubation............. 0 0 C. 
After La ease a _ gs a ?. A 
C. = claret; P. = purple. The designation of purple does not precisely charac- 


terize the color reaction in any experiment but simply indicates that the color was 
intermediate between blue and claret in the color scale. 
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The results of the studies on slices of fetal liver in vitro are presented in 
Table II. The liver of a 38 day fetus failed to form glycogen with either 
glucose or fructose as substrate and that of the 42 day fetus failed with 
glucose as substrate, whereas the liver of the 66 day fetus formed glycogen 
with glucose as substrate and, at a much lower rate, with fructose. In our 
hands, liver slices from an adult rat fasted for 24 hours formed in vitro 
0.34 mg. of glycogen, those of a rabbit fasted for 48 hours formed 2.9 mg, 
and the livers of guinea pigs fasted for 48 hours formed 0.5 to 1.35 mg., al] 
per gm. wet weight per 2 hours and all with glucose as substrate. We 
found the method for glycogen analysis, as did Verzar and Wenner (24), to 
have a negative error of about 20 per cent when the tissue concentra- 
tion of glycogen is less than 100 mg. per 100 gm. of tissue. 

















TaBLe II 
Glycogenesis in Liver Slices 
Gestation age Substrate Glycogen formation 
3 . fat- d 
days = Sees ” 
38 Glucose 0.00 
Fructose 0.00 
42 Glucose 0.00 
66 Glucose 1.64 
Fructose 0.18 
66 Glucose LS 
Fructose 0.32 
DISCUSSION 


The absence of chemically demonstrable glycogen in the liver of the fetal 
guinea pig before the 57th day of gestation (term 66 days) appears due to 
some intrinsic cellular factor. This conclusion is based upon the appear- 
ance of glycogen in cardiac and skeletal muscle long before its appearance 
in the fetal liver and upon the failure of slices of fetal liver to synthesize 
glycogen until glycogen is demonstrable chemically in this tissue in vivo. 
Evidence obtained from other species (4-6) supports this thesis. 

The substances known to be essential for the synthesis of glycogen from 
glucose are hexokinase, phosphoglucomutase, glucose-1 ,6-diphosphate, 
phosphorylase, polysaccharide to prime the phosphorylase reaction, and 
branching enzyme. Phosphoglucomutase, glucose-1,6-diphosphate, and 
phosphorylase have been demonstrated in the fetal liver before the 57th 
day of gestation in the same relative quantities as in the adult. We have 
assumed that hexokinase is present; this assumption is supported by the 
observation that anaerobic lactate production by slices of early fetal liver 
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is increased 1.6 times in the presence of glucose.* The synthesis of glyco- 
gen from precursors other than glucose would, of course, not require hexo- 
kinase. 

Although glycogen is demonstrable chemically in the fetal liver only 
after the 57th day of gestation, polysaccharide adequate to prime the 
endogenous phosphorylase was shown to be present before this time. This 
was done by demonstrating synthesis of polysaccharide in homogenates to 
which a large amount of substrate but no primer had been added (Table I). 
The demonstration of primer in the fetal liver before the 57th day of gesta- 
tion adequate to prime in homogenates the endogenous phosphorylase sug- 
gests the presence of some branching enzyme activity. Assuming that 
liver phosphorylase requires a primer of the same structure as does muscle 
phosphorylase (25), the primer is likely a branched polysaccharide. This 
branching can be due, presumably, only to branching enzyme activity. 
The formation of a purple and not a blue color on addition of an I,-KI 
solution to the polysaccharide formed in our homogenates (Table I) also 
suggests the presence of branching enzyme before the 57th day of gesta- 
tion (25). 

It appears, therefore, that there is some branching enzyme activity in 
the fetal liver before the 57th day of gestation. Consequently, the reason 
for the absence of glycogen in the fetal liver up to the 57th day of gestation 
is not clear. Failure to prime phosphorylase in the intact cell (Table IT) 
suggests that the primer is inadequate in number of end-groups (26). This 
inadequacy may in turn reflect a relative deficiency of branching enzyme 
activity. 


SUMMARY 


Glycogen is not chemically demonstrable in the liver of the fetal guinea 
pig up to the 57th day of gestation (term 66 days), although it is present in 
cardiac and skeletal muscle at least as early as the 39th day. Phospho- 
glucomutase, glucose-1 ,6-diphosphate, and phosphorylase have been dem- 
onstrated in the fetal liver before the 57th day of gestation in the same 
relative quantities as in the adult. Evidence has been obtained for the 
presence of hexokinase and, in homogenates, for phosphorylase primer. It 
is suggested that the absence of glycogen in the intact hepatic cell before 
the 57th day is due to an inadequate number of priming end-groups which 
may reflect a relative deficiency of branching enzyme activity. 
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GLUCOSE-6-PHOSPHATASE IN THE LIVER OF THE FETAL 
GUINEA PIG* 


By ANDREW M. NEMETHft 


(From the Department of Anatomy, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, October 22, 1953) 


It was first observed by Claude Bernard that during most of fetal life 
glycogen is absent from the fetal liver. It was recognized subsequently 
that the glycogen which appears in the fetal liver late in gestation behaves 
differently from that found in the liver of the adult. Its stability in auto- 
lyzing tissue (1) and its great and constant rate of accumulation at the end 
of gestation (2) suggested the absence of glucose-6-phosphatase activity. 
The experiments presented in this paper support this supposition. 


Methods 


Pregnant guinea pigs were sacrificed by dislocation of the cervical verte- 
brae. The livers of both adult and fetus were used immediately or frozen 
on dry ice. It was found that there was no appreciable loss of activity in 
material frozen up to 5 days. A 10 per cent homogenate was made with 
distilled water in a glass homogenizer. All reaction mixtures were 2 per 
cent wet weight in tissue and 10 mm in glucose-6-phosphate (Schwarz) 
and were incubated at 35°. The reaction mixtures were adjusted to pH 
6.8 with a few drops of dilute HCl and were sufficiently well buffered by 
the tissue protein not to require any additional buffer. Solutions in which 
reactions were carried out at pH 5.0 and 9.0 were buffered with acetate 
and pentobarbital, respectively, at a final concentration in the reaction 
mixture of 0.03 m. Initial, 5 minute, and 10 minute aliquots were depro- 
teinized with 10 per cent trichloroacetic acid and the filtrates analyzed 
for inorganic phosphate (3). When incubated in the absence of substrate, 
the liberation of inorganic phosphate from the homogenized tissue at pH 
5.0, 6.8, or 9.0 was negligible but was determined in all experiments. 

To test the specificity of the phosphatase acting upon glucose-6-phos- 
phate at pH 6.8, reactions were carried out with some of the adult and early 
fetal livers at pH 5.0 and 9.0. In the reaction mixtures containing ho- 

* This is Contribution XVIII of the series entitled ‘‘Biochemical and physiological 
differentiation during morphogenesis.’’ This investigation was supported by a re- 
search grant from the Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service. 

t Present address, Harriet Lane Home of the Johns Hopkins Hospital, Baltimore. 
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mogenates of adult liver, phosphatase activity at pH 5.0 was always less Tl 
than 10 per cent of the activity at pH 6.8. There was still less activity at fe 
pH 9.0. At pH 6.8 the appearance of inorganic phosphate was found to ng 
be linear during the period of incubation. There was no liberation of in- liv 
organic phosphate in the reaction mixtures containing homogenates of 
early fetal liver buffered at pH 5.0 and 9.0 with glucose-6-phosphate as pl 
substrate. It has been shown that the optima of the acid and alkaline in 
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Fig. 1. Glucose-6-phosphatase activity in fetal and adult liver. The activity of | th 
the enzyme is expressed in terms of amount of inorganic phosphate freed per unit 


time and per unit weight of liver from glucose-6-phosphate at pH 6.8. New-born = 3 en 
days post partum. co 
ge 

phosphatases in fetal liver with a-glycerol phosphate as substrate are the in 
same as in the adult liver.' ra 
Results - 

of 

There is no glucose-6-phosphatase activity in the fetal liver until or pe 
just before term (Fig. 1). To rule out the possibility of a deficiency of a co 
heat-stable cofactor in the fetal tissue, boiled homogenate prepared from th 
adult liver was added to a reaction mixture containing fresh fetal liver. in 
tic 


' Flexner, J. B., and Flexner, L. B., unpublished. 
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This was, however, without effect. Further, the absence of activity in 
fetal liver is probably not due to the presence of an inhibitor, as homoge- 
nates of fresh fetal liver did not inhibit a reaction mixture containing adult 
liver. 

It was incidentally observed in experiments designed to measure phos- 
phoglucomutase activity and described elsewhere (4) that liberation of 
inorganic phosphate occurred at appreciable rates only in reaction mixtures 
containing adult liver or liver from fetuses at term. These solutions con- 
tained glucose-1-phosphate as substrate and were buffered at pH 7.4. The 
source of the inorganic phosphate was presumably glucose-6-phosphate 
formed from the substrate by phosphog]ucomutase and in turn hydrolyzed 
by glucose-6-phosphatase. The possibility that the appearance of inor- 
ganic phosphate in these experiments was due to alkaline phosphatase ac- 
tivity on glucose-1-phosphate seems unlikely, as the activity of alkaline 
phosphatase determined with a-glycerol phosphate as substrate is 4 times 
greater in the fetal than in the adult liver.1 The variation in activity of 
alkaline phosphatase during development, therefore, does not parallel phos- 
phatase activity at pH 7.4. 


DISCUSSION 


The functional state of the glycogen stores in the liver of the developing 
fetus of the guinea pig may be divided into three distinct phases: first, 
glycogen is absent before the 57th day of gestation (term 66 days); second, 
glycogen accumulates from the 57th day to levels at birth 2 to 3 times that 
found in the maternal liver; and, third, on the 1st day post partum liver 
glycogen is completely and precipitously depleted, not again attaining 
adult levels for many days (2). 

It has been suggested that the initiation of the second phase, marked by 
the appearance of glycogen, is accomplished by an increase of branching 
enzyme activity (4). The liver possesses in the second phase the full 
complement of enzymes and cofactors necessary for the synthesis of glyco- 
gen from glucose. The absence of glucose-6-phosphatase in the fetal liver 
in this period results in the accumulation of glycogen because of the low 
rate of glucose utilization in this organ via pathways other than glycogen 
formation. The enzyme pattern here is like that found in a certain type 
of glycogen storage disease (5) which may be considered, therefore, as a 
persistence of the condition normal up to the last part of gestation. Glu- 
cose-6-phosphatase appears at term, making possible shortly after birth 
the rapid degradation of the accumulated glycogen. The liver possesses 
in this last period the full complement of enzymes necessary for the forma- 
tion of glucose from glycogen. 
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SUMMARY 


The absence until term of glucose-6-phosphatase activity from the liver 
of the fetal guinea pig has been demonstrated. The stability of fetal liver 
glycogen and its great accumulation during the latter part of gestation may 
be understood in view of the absence of this enzyme. 
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THE EFFECT OF FLUORIDE ON THE PERMEABILITY AND 
PHOSPHATASE ACTIVITY OF PROPIONIBACTERIUM 
PENTOSACEUM* 


By WESLEY A. VOLK 


(From the Department of Microbiology, School of Medicine, University of Virginia, 
Charlottesville, Virginia) 


(Received for publication, November 24, 1953) 


A large number of enzymatic reactions are inhibited by sodium fluoride. 
Of these the most widely studied include phosphoglyceromutase and enol- 
ase, both of which are necessary for glycolysis. The operation of a typical 
Embden-Meyerhof pathway in the propionic acid bacteria was questioned 
when Werkman ¢ al. (1) demonstrated that these organisms would grow 
well on glucose in the presence of 0.02 m NaF’, and when Werkman e¢¢ al. 
(1) and Wood et al. (2) demonstrated that hexose diphosphate, glycerophos- 
phate, and phosphoglyceric acid were not utilized in the presence of 0.02 
m NaF. Later, Wiggert and Werkman (3) observed with resting cells of 
Propionibacterium pentosaceum that (a) normal! cells could not metabolize 
glucose in the presence of 0.02 m NaF, (6) NaF-grown? cells fermented 
glucose in the presence of 0.02 m NaF at a rate similar to that of normal 
cells, and (c) normal cells were capable of fermenting phosphoglyceric acid, 
whereas NaF-grown cells were not. These observations led to suggestions 
that the propionic acid bacteria could ferment glucose either by a fluoride- 
resistant or by a fluoride-sensitive pathway and that the normal pathway 
might not involve phosphorylated compounds. Wood et al. (2) have dem- 
onstrated, however, that growing cultures of P. pentosaceum gave similar 
products from phosphorylated esters and from their unphosphorylated 
counterparts. More recently, Barker and Lipmann (4) have demonstrated 
the enzymatic esterification of glucose from adenosinetriphosphate and 
have isolated phosphoglyceric acid from the reaction mixture. These in- 
vestigations point to the functioning of the Embden-Meyerhof pathway 
in the propionic acid bacteria. 

The above data did not explain why cells of the propionic acid bacteria 
which had been grown in the presence of NaF were no longer inhibited by 
this compound or why the NaF-grown cells were not able to utilize the 

* This investigation was supported in part by a research grant, No. G-3591, from 
the National Institutes of Health, United States Public Health Service. 

! Normal cells refer to cells grown in the absence of NaF. 

* NaF-grown cells refer to cells grown in the presence of 0.02 m NaF. 
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phosphorylated intermediates of the Embden-Meyerhof pathway. The 
present study was undertaken to investigate these questions. 


Methods 


P. pentosaceum strain E214 was used in all experiments.* The organisms 
were maintained in 100 ml. of a medium containing 0.5 per cent peptone, 
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Fig. 1. Effect of NaF on NaF-grown cells. Intact NaF-grown cells; NaHCO; 
buffer, pH 7.0; NaF added as indicated to final concentration of 0.05 m; atmosphere 
5 per cent CO, + 95 per cent Nz. Substrate 10 um. DHA is used to indicate dihy- 





droxyacetone. The endogenous values are subtracted. 


0.5 per cent yeast extract, 0.5 per cent glucose, and 0.05 m phosphate | 
buffer, pH 6.8. After incubation for 24 hours at 30° the culture was emp- 
tied into a 2 liter Erlenmeyer flask containing 1500 ml. of the same me- 
dium. Fluoride-resistant bacteria were obtained by growing the cells in 
the above medium containing 0.02 m NaF. The cells were grown at 30° 
for 24 to 48 hours, centrifuged, and washed twice in distilled water before 
use. The cells were checked routinely for purity by staining and culture. 

Lyophilized cells were prepared by lyophilizing 25 to 35 gm. of moist 


3 Obtained from Dr. H. A. Barker of the University of California. 
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cells in 200 ml. of distilled water overnight on a portable freeze-drying 
apparatus. These cells were stored at 0° over P.O; until used. 
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v Fructose-|,6-Di phosphate 
30 60 90 120 150 180 
Minutes 

Fig. 2. Effect of tungstate on normal cells. Intact normal cells in the presence 
and absence of 2.5 X 10-* m Na2WO;; NaHCO; buffer, pH 7.0; atmosphere 5 per cent 
CO. + 95 per cent Ne. Substrate 10 um. Fructose-6-phosphate and fructose-1,6- 
diphosphate were not fermented above the endogenous values in the presence of 
tungstate. Endogenous values subtracted. 








All experiments were carried out in a Barcroft-Warburg apparatus at 
30° with 0.0088 m sodium bicarbonate as a buffer under an atmosphere of 
5 per cent CO, and 95 per cent Ne at pH 7.0. Each flask contained 10 
uM of substrate and 150 mg. of moist bacteria or 50 mg. of lyophilized cells. 

Enolase was determined by the method of Warburg and Christian (5) 


‘American Instrument Company, Silver Spring, Maryland. 
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with crude cell-free extracts obtained by grinding the organisms with 
alumina and centrifuging for 30 minutes at 0° at approximately 24,000 x 
g. The clear amber extract was dialyzed against distilled water at 0° for 
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Fig. 3. Effect of NaF on lyophilized and intact NaF-grown cells. NaF-grown 

. cells grown with sodium lactate as the carbon source; NaHCO; buffer, pH 7.0; NaF 

added as indicated to final concentration of 0.05 m; atmosphere 5 per cent CO, + 
95 per cent Nz. Substrate 10 um of glucose. Endogenous values subtracted. 


Results 
With intact NaF-grown cells, the fermentation of all the phosphorylated 





compounds tested® was completely inhibited by the addition of 0.05 m NaF 


and was inhibited to varying degrees even in the absence of added NaF. 


These cells completely failed to ferment phosphoglyceric acid. In con- 
trast, the NaF-grown cells showed little or no inhibition of fermentation 
of non-phosphorylated compounds* in the presence of 0.05 m NaF (Fig. 1). 


5 Glucose-6-phosphate, fructose-6-phosphate, fructose-1,6-diphosphate, and 3- 
phosphoglyceric acid. 

* Glucose, fructose, gluconic acid, dihydroxyacetone, glyceric acid, glycerol, lactic 
acid, and inositol. 


This 
the fe 
but § 
ment 

Th 
medi 
carb 


phil 
per | 


suc 
cell 


poi 
hyc 
car’ 
pri 


the 


with 


)° for 


-grown 
); NaF 
CO: + 


ylated 
a NaF 


NaF. | 


1 con- 
tation 
‘ig. 1). 


and 3- 


|, lactic 








W. A. VOLK 781 


This concentration of NaF was chosen arbitrarily since it did not inhibit 
the fermentation of non-phosphorylated carbohydrates by NaF-grown cells, 
but greatly exceeded that necessary to inhibit completely normal cell fer- 
mentation of all compounds used. 

The inability of NaF-grown cells to utilize the phosphorylated inter- 
mediates of the Embden-Meyerhof scheme, while the non-phosphorylated 
carbohydrates were fermented even in the presence of NaF, suggested an 


9a) 





© Glucose 
@ Phosphoglycerate 


60 120 180 240 300 
Minutes 





Fic. 4. Fermentation of phosphoglycerate by lyophilized NaF-grown cells. Lyo- 
philized NaF-grown cells; NaHCO; buffer, pH 7.0; atmosphere 5 per cent CO; + 95 
percent Ne. Substrate 10 um. Endogenous values subtracted. 


inhibition of cell membrane phosphatases. When phosphatase poisons 
such as sodium tungstate and sodium molybdate were added to normal 
cells, it was found that, like NaF-grown cells, they were capable of utilizing 
all of the non-phosphorylated carbohydrates at a rate equal to the un- 
poisoned cells, but were unable to utilize any of the phosphorylated carbo- 
hydrates (Fig. 2). This might be taken as evidence that phosphorylated 
carbohydrates are dephosphorylated by the cell membrane phosphatases 
prior to entry into the cellular metabolism. 

This observation did not, however, explain why NaF failed to inhibit 
thé fermentation by NaF-grown cells of the non-phosphorylated carbo- 
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hydrates. The possibility that NaF-grown cells had become impermeable 
to added NaF was supported by the finding that the lyophilized NaF. 
grown cells were inhibited completely by added NaF, even though they 
could ferment glucose rapidly in its absence (Fig. 3). Also, when the 
permeability of the cell was destroyed by lyophilization, the NaF-grown 
cells were capable of ferménting phosphoglyceric acid at a slow rate (Fig. 
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Fig. 5. Enolase in normal and NaF-grown cells. Enolase determinations with 
cell-free extracts from normal and NaF-grown cells. The Beckman cuvette con- 
‘tained 0.1 ml. of 0.01 MgCl.; 0.2 ml. of 0.05 m phosphoglyceric acid; 1.0 ml. of 0.05 
M glycylglycine buffer, pH 7.3; 0.1 ml. of enzyme extract; and water to 2.8 ml. Op- 
tical densities read at 240 mp with the Beckman DU spectrophotometer. With 0.03 
M NaF, there was no change in optical density in either normal or NaF-grown cell- 
free extract. 


4), whereas moist intact NaF-grown cells were completely unable to utilize 
this compound. 


Determinations of the enzyme enolase in both normal and NaF-grown 
cells gave essentially identical results (Fig. 5). 


DISCUSSION 


The data presented (Figs. 1 and 2) suggest that the inability of NaF- 
grown cells of P. pentosaceum to ferment the phosphorylated intermediates 
of the Embden-Meyerhof pathway is due to the inability of these cells to 
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dephosphorylate them rather than to the presence of a fluoride-resistant 
non-phosphorylative pathway. Such dephosphorylation has been shown 
to occur in yeast (6, 7) and might account for the fermentation of phos- 
phoglyceric acid by normal cells of P. pentosaceum at less than one-half the 
rate of glucose. The fact that phosphatase poisons can completely inhibit 
the utilization of the phosphorylated intermediates of the Embden-Meyer- 
hof pathway without influencing the rate of fermentation of glucose or 
non-phosphorylated intermediates suggests that dephosphorylation prior 
to entry into the cell is the rate-limiting step in the fermentation of these 
phosphorylated intermediates. The effect of fluoride on phosphatase ac- 
tivity has long been known (8, 9), and hence it would not be surprising 
to find lower phosphatase activity in organisms grown in the presence of 
NaF. Permeability relations may prevent intact cells from using a par- 
ticular substrate which may be a true intermediate and which frequently 
can be attacked by cell-free extracts or dried cells. In the experiments 
reported here the fermentation of phosphoglyceric acid by lyophilized 
NaF-grown cells demonstrates that the NaF-grown cells still possess the 
enzymes necessary to metabolize this compound, even though the moist 
intact NaF-grown cells fail completely to utilize it. NaF-grown cells con- 
tain the enzyme enolase (Fig. 5), and this strongly suggests that the failure 
of the intact NaF-grown cells to utilize 3-phosphoglyceric acid is due to 
the inability of this compound to get into the cell. 

Experiments are described (Figs. 3 and 4) which demonstrate that fer- 
mentation by lyophilized NaF-grown cells is inhibited by NaF. This 
suggests that NaF-grown cells are resistant to fluoride by virtue of an 
acquired impermeability to this inhibitor. The proposal by Wiggert and 
Werkman (3) that the difference between normal and NaF-grown cells is 
enzymatic may also be questioned, since NaF-grown cells are insensitive 
to NaF in the fermentation of such diverse compounds as dihydroxy- 
acetone, glyceric acid, gluconic acid, lactic acid, and inositol. Further- 
more, the data of Werkman et al. (1) could be interpreted to support the 
conclusion that the propionic acid bacteria utilize the same pathway for 
glucose dissimilation when grown either in the presence or in the absence 
of NaF. 

The data presented do not necessarily exclude a dual mechanism for the 
fermentation of glucose, but do suggest that growth in the presence of NaF 
does not give rise to an adaptive pathway not already in operation in nor- 
mal cells. 


SUMMARY 


Evidence is presented which suggests (1) that the fluoride-resistant fer- 
mentation by Propionibacterium pentosaceum involves a decreased perme- 
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ability of cells to NaF, and (2) that growth in the presence of NaF inhibits 
the phosphatases of the cell membrane so that phosphorylated carbohy. 
drates either are not fermented at all or are fermented only at a negligible 
rate. 
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Research concerning the biological réle of vitamin K (2-methyl-3-phytyl- 
1,4-naphthoquinone) has centered mainly on its function in blood clotting. 
However, the fact that it is present in high concentration in certain bac- 
teria, as well as widely distributed in green leaves and vegetables (1), 
suggests other réles for this vitamin. The view that quinones might func- 
tion as carriers in electron transport (2) by virtue of their ease of under- 
going reversible oxidation and reduction has received support from the 
work with pyridine nucleotide-quinone reductase (3, 4). The purified en- 
zyme from peas was coupled with polyphenol oxidase and laccase, thus 
suggesting a possible réle as a connecting link between pyridine nucleotides 
and terminal electron transport systems. The insolubility of vitamin K 
in aqueous media has necessitated the use of its nucleus (2-methyl-1,4- 
naphthoquinone or menadione) in these studies of other possible functions 
of the vitamin. Although menadione did not serve as an electron acceptor 
in the pea quinone reductase system, it was quite active in this réle in 
extracts of certain other tissues and microorganisms, especially in that of 
Escherichia coli, which is known to be a rich source of vitamin K. 

The present paper deals with the properties of an enzyme from E, coli, 
designated as pyridine nucleotide-menadione reductase, which appears to 
be different from quinone reductase also present in this organism. 


Materials and Methods 


Preparation of Cell-Free Extracts 


The extracts used in this study were prepared from lyophilized EZ. coli 
by grinding with an equal weight of alumina A-301 (Alcoa) during the slow 
addition of 5 volumes of cold 0.001 m phosphate buffer, pH 7.5. After 


| centrifugation at 4° for 20 minutes at 20,000 X g, a clear yellow super- 


natant solution was obtained. The precipitate was reextracted a number 


* This investigation was supported in part by a research grant (No. G-2332) from 


| the National Institutes of Health, United States Public Health Service. Contribu- 
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of times with 5 volume portions of phosphate buffer and centrifuged as 
above. By the fifth extraction most of the enzyme was removed, and 
these supernatant solutions, either individually or combined, were used ag 
crude extracts. 

The extracts for the enzyme survey were, in most cases, prepared by first 
grinding the frozen fresh tissues with a mortar and pestle in 3 times their 
weight of cold 0.1 m phosphate buffer, pH 7.5. Extraction was completed 
in a TenBroeck glass homogenizer and the extracts were then centrifuged 
at 3000 X g for 20 minutes at 4°. 

The crude extracts of Clostridium kluyveri were prepared as previously 
described (5) and were kindly provided by Mr. Robert M. Burton. The 
Paramecia, which were kindly supplied by Dr. Myron Levine, were grown 
(on Cerophyl and Aerobacter aerogenes and extracts prepared by use of a 
syringe) as described elsewhere (6). The Aspergillus niger was grown ona 
medium described by Nicholas (7). 


Cofactors and Other Substances 


DPN! of 90 per cent purity and TPN of 80 per cent purity were obtained 
from the Sigma Chemical Company. The DPN was reduced enzymati- 
cally as described elsewhere (8). TPNH was prepared enzymatically as 
described earlier (9) by use of the pig heart isocitric enzyme. A boiled pig 
heart extract, used as a source of cofactors, was prepared from acetone- 
dried pig heart powder by heating the extract at 100° for 5 minutes, fol- 
lowed by centrifugation. The menadione and nitrophenols were purchased 
from the Eastman Kodak Company, unless otherwise indicated. The 
menadione stock solutions, containing 0.3 um per ml., were protected with 
aluminum foil and used for not longer than 6 hours and discarded. Dicu- 
marol was kindly supplied by the Hematology Laboratory of the Johns 
Hopkins Hospital, Atabrine dihydrochloride by the Sterling-Winthrop 
Research Institute, and Aureomycin hydrochloride by the Lederle Labora- 
tories Division, American Cyanamid Company. Vitamin K was obtained 
as mephyton from Merck and Company. As substrate for quinone 
reductase p-benzoquinone was prepared and used as described earlier (3). 


Determination of Activity 


Menadione reductase activity was measured at 25° in a Beckman model 
DU spectrophotometer by following the oxidation of a reduced pyridine 


1 The following abbreviations are used: DPN and DPNH, unreduced and reduced 
diphosphopyridine nucleotide, respectively; TPN and TPNH, unreduced and re- 
duced triphosphopyridine nucleotide, respectively; FAD and FMN, flavin-adenine 
dinucleotide and flavin mononucleotide (or riboflavin phosphate), respectively; 
BAL, British anti-lewisite (2,3-dimercaptopropanol). 
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nucleotide, as indicated by the decrease in optical density at 340 mu. 
Menadione absorbs at 340 mu, but does not appear to interfere, and cor- 
rections were made by adding menadione to the solvent cell. The reaction 
was started by the addition of enzyme to a mixture containing 1.9 ml. of 
0.1 m pyrophosphate buffer, pH 8.3, 1.0 ml. of menadione (0.3 um), and 
0.35 um of DPNH to give a final volume of 3.0 ml. After addition of the 
enzyme, the decrease in optical density was measured at 15 second inter- 
vals for the first 3 minutes. The cell-free extracts and protein fractions 
of E. coli were not measurably active in catalyzing the oxidation of DPNH 
in the absence of menadione. When extracts of other tissues showed 
endogenous DPNH oxidation, corrections in the menadione reductase 
values were made accordingly. The rate of oxidation of DPNH was shown 
to be proportional to the enzyme concentration. 

1 unit of menadione reductase is defined as that amount of enzyme which 
results in a change in log Jo/I of 0.001 per minute calculated from the 
change between the 15 and 45 second readings. This is identical to the 
unit of quinone reductase activity (3). There is no non-enzymatic oxida- 
tion-reduction reaction between menadione and reduced pyridine nucleo- 
tides, such as exists between certain other quinones and DPNH (3). 

Specific activity is expressed as units per mg. of protein. The protein 
content of the various extracts was measured by the Folin phenol reagent 
method of Lowry et al. (10). For most of these studies 40 to 200 y of 
partially purified menadione reductase were used. 


Results 


Identity of Menadione Reductase—Although extracts of E. coli catalyze 
the oxidation of reduced pyridine nucleotides by menadione, this compound 
is not reactive in the pea quinone reductase system (3). In order to de- 
termine whether the reactivity of menadione in the presence of EF. coli 
extracts is due to a broader specificity of quinone reductase as compared 
to that of peas, or to a different enzyme, the relative enzymatic rates of 
DPNH oxidation with p-benzoquinone and menadione, respectively, were 
examined under various conditions. Table I shows that the ratio of ac- 
tivities of quinone reductase to menadione reductase varies over a wide 
range, indicating that different enzymes are involved. As a result of 
various treatments, it has been possible to obtain quinone reductase frac- 
tions which are free of menadione reductase activity. On the other hand, 
there has been no success thus far in preparing a menadione reductase 
fraction which is entirely free of quinone reductase activity. It may well 
be that the specificity of menadione reductase includes p-benzoquinone as 
a less effective substrate. 

Purification of Enzyme—It has been possible to purify menadione reduc- 
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tase to a small extent by means of acetone precipitation. To 3.0 ml. of 
E. coli extract were added 2.7 ml. of cold (—10°) acetone resulting in a 47 
per cent acetone solution. After standing for 10 minutes at —5° to —10° 
followed by a 10 minute centrifugation at 3000 x g at approximately — 10°, 
the supernatant solution was treated as above with 2.2 ml. of cold acetone 
to give a 62 per cent acetone solution. The resulting precipitate was sus- 


TaBLe I 


Relative Activities of E. coli Menadione Reductase and Quinone Reductase under 
Various Conditions 
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The standard assays were used. Although menadione reductase and quinone 
reductase are expressed on the same unit volume basis, various dilutions of the 
preparations were made for the quinone reductase determination in order that the 
—AExuo ranged between 40 to 80 per 30 seconds. 


pended in 1.2 ml. of 0.1 m phosphate buffer, pH 7.5. This fraction showed 
a 4-fold increase in specific activity with a 60 per cent recovery of the 
total activity in the crude starting material. The above procedure gave 
a range in purification and yield of 2- to 4-fold and 60 to 80 per cent, 
respectively. The most active fraction attained had an activity of 7210 
units of menadione reductase per mg. of protein. In terms of turnover 
number, this fraction catalyzes the oxidation of approximately 350 moles 
of DPNH per mole of protein per minute, assuming a molecular weight 
for the enzyme of 100,000. 
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A consistent 2-fold purification of menadione reductase with an 80 to 90 
per cent yield could be attained by mixing 3 volumes of calcium phosphate 
gel (11.1 mg. per ml.) (11) with 1 volume of crude extract for 10 minutes 
at 0°, followed by a 10 minute centrifugation at 3000 X g. Further puri- 
fication of the enzyme in the supernatant solution by the above acetone 
procedure could not be attained. The use of the calcium phosphate 
method preceded by the acetone procedure was also unsuccessful. 

Stability of Enzyme—The enzyme, when stored between pH 7.0 and 7.5, 
loses about 50 per cent of its activity after 5 weeks at —15°. Although 
the enzyme may be stored at +4°, it is considerably less stable at this 
temperature, losing about 16 per cent of its activity overnight. With 
reference to heat stability, menadione reductase loses all of its activity in 
5 minutes at 60°. It can also be inactivated by treatment with 5 per cent 
trichloroacetic acid. Overnight dialysis at 4° against 0.1 m phosphate, 
pH 6.5, 0.9 per cent KCl, pH 7.5, or 0.1 m pyrophosphate, pH 8.5, resulted 
in an inactivation of about 50 per cent. The loss of activity upon dialysis 
could not be restored by addition of a boiled pig heart extract, which was 
used as a source of cofactors. 

Effect of pH—The effect of pH on the enzymatic reaction was determined 
by the use of various buffers of suitable pH values. Fig. 1 indicates that 
the rate of menadione reductase action is maximal at pH 8.3, whereas the 
quinone reductase activity present in the same fraction at 3-fold the con- 
centration has a pH optimum at 7.0. Glycylglycine and tris(hydroxy- 
methyl)aminomethane buffers serve equally well. 

Reduced Pyridine Nucleotides As Electron Donors—Fig. 2 shows the ac- 
tivity of the enzyme as a function of DPNH and TPNH concentration. 
An estimate of the dissociation constants (K,,) from the curves indicates 
that one-half maximal activity with DPNH or TPNH was obtained at 
about 4 X 10-° in moles per liter. However, the maximal rate with 
DPNH is about 3 times that with TPNH. The property of menadione 
reductase in utilizing both DPNH and TPNH appears to be due to a 
single enzyme system, since the ratio of activity with DPNH to that with 
TPNH remains constant in the various enzyme fractions. 

Menadione As Electron Acceptor—Fig. 3 shows the activity of the en- 
zyme as a function of menadione concentration with DPNH and TPNH 
as electron donors. Estimates of the dissociation constants (K,,) from the 
saturation curves are 0.6 X 10-5 and 4.5 X 10-° in moles per liter with 
DPNH and TPNH, respectively. Vitamin K failed to react, probably 
because it remained as a suspension instead of forming a true solution. 

Possible Activators, Cofactors, and Inhibitors—The addition of a boiled 
pig heart extract as a source of cofactors did not affect the activity of the 
crude, purified, or dialyzed enzyme preparations. A 5 minute preincuba- 
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The standard assay was used with 360 units of menadione 
The same enzyme preparation containing 1260 units of quinone reductase 


was diluted one-fourth for the quinone reductase assay which is described elsewhere 
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Fia. 2. Effect of reduced pyridine nucleotide concentrations on the enzymatic 
rate. The 3.0 ml. reaction mixtures contained 0.1 m pyrophosphate buffer, pH 8.3, 
DPNH or TPNH as indicated, 0.3 um of menadione, and 232 units of enzyme. 


Fic. 3. Effect of menadione concentration on the enzymatic rate. 


The 3.0 ml. 


reaction mixtures contained 0.1 m pyrophosphate buffer, pH 8.3, 0.33 um of DPNH or 
TPNH, menadione as indicated, and 190 units of enzyme. 
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tion of the enzyme at room temperature with the inorganic ions Cat**, 
MoO,-, Mg**t, Zn**, Mn**, BO, Fe**, or Fe*+*+* (10-4 m final concentra- 
tion) failed to enhance activity. Glutathione at 10-* m final concentration 
inhibited 8 per cent and cysteine at the same concentration inhibited 80 per 
cent. The action of the latter can be attributed to the formation of a 
yellow product between cysteine and menadione, which has already been 
described (12). Atabrine and Aureomycin at 10-4 m final concentrations 
inhibited the activity of menadione reductase 25 and 28 per cent, respect- 
ively. A 5 minute preincubation of the enzyme at room temperature 
with potassium cyanide, sodium azide, sodium arsenate, sodium fluoride, 


TaBLe II 


Effect of Various Nitrophenyl Derivatives on Menadione Reductase and Quinone 
Reductase of E. coli 
Units of enzyme activity expressed on a volume basis. 





Menadione reductase Quinone reductase 























Ratio, 
by pd tay P < l | _Quinone reductase 
| | Activity inhibiting Activity | |nkibitien | menadione reductase 
me ciate ee Se isinenemesiatintay ~ 
me | None...... Sc | 523 | | 4.8 
ase »-Nitrophenol.. foe A 18 | 383 27 | 4.3 
- 2,4,6- Trinitrophenol Hines | 68 38 | 410 22 6.0 
eNitrophenol.........:........] @ 40 377 28 5.7 
2,4-Dinitrophenol. . ..| 68 38 276 47 4.1 
2,4-Dinitroaniline. . | 68 38 | 360 31 5.3 
2,6-Dichloronitrophenol 42 | 62 267 49 6.3 
The standard assay was used with 110 units of menadione reductase. The same 
enzyme preparation containing 523 units of quinone reductase was diluted one-fifth 
for the quinone reductase assay. 
or ethylenediaminetetraacetic acid (Versene) had no effect at 10-* m final 
concentration. 
A number of experiments were performed to determine whether there 
was a flavin requirement by the enzyme. Preincubation of the partially 
purified enzyme with FAD and FMN (in final concentrations of 3.3 « 10-7 
; to 1.1 X 10 m) failed to stimulate the enzyme activity. In order to 
dissociate any possible flavin prosthetic group, the enzyme was reprecipi- 
tated twice with ammonium sulfate at acid pH essentially as described by 
atic Horecker (13). The enzyme fraction, as a result of these treatments, lost 
[ 8.3, more than 80 per cent of its activity. This lowered activity, which could 
an not be raised by preincubation with FAD, FMN, or boiled pig heart ex- 


Hot tract, can probably be ascribed to an adverse effect of pH. 
Inhibition by 2 ,4-Dinitrophenol and Derivatives—In view of the striking 
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Tasie ITI 
Dicumarol Inhibition of Menadione Reductase and Quinone Reductase of E. coli and 
Quinone Reductase of Peas 
Units of enzyme activity expressed ona volume basis. 


E. coli menadione E. coli quinone Pea quinone 


, reductase reductase E. coli ratio, reductase 
Dicumarol, final 











concentration — —--- __ quinone red reductase 
| Atv | initon | Aci iat menadione seine | activity | Sti 
M | | 
Control 84 230 2.7 | 95 
5 x 10-6 58 31 196 15 3.4 | 62 | 35 
1 xX 10-5 56 33 162 29 2.9 48 | 49 
5 X 10-5 32 55 112 51 | 3.5 30 | 68 
1 xX 10-4 28 67 90 61 3.2 16 | 83 
5 X 10-4 20 76 67 71 3.4 | | 

















The standard assay was used with 84 units of menadione reductase. The same 
enzyme preparation containing 230 units of quinone reductase was diluted one-third 
for the quinone reductase assay. For the assay of pea quinone reductase 95 units 
of enzyme were used. 





56r » 
oY 
49 SF 
‘ 
Ss 4 
42r 
t 
I S or 
o 3 
<x 28F SS 

=> & 

2\Fr 











6 12 18 24 30 36 42 
he x 1073 


Fic. 4. Competitive inhibition of menadione reductase by Dicumarol as demon- 
strated by the Lineweaver-Burk plot (14). Usual assay procedure as described under 
“Materials and methods” with 137 units of menadione reductase. No preincubation 
of enzyme with inhibitor. 
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inhibitory effects of 2,4-dinitrophenol and certain of its analogues on pea 
d quinone reductase (4), the action of some of these compounds was examined 
with reference to their effect on menadione reductase and quinone reduc- 
tase of FE. coli. Table II shows that the degree of inhibition of both en- 
zymes is not widely different. A comparison of these results with those 
obtained for pea quinone reductase (4) indicates that 2,4-dinitrophenol is 























r a less potent inhibitor of the enzymes in E. coli, whereas dinitroaniline has 
on 
ADD MENADIONE 
osool- 
o——o-——q*" REDUCTASE “7 ‘ ” 
0.700;- CONTROL 
0.600}- 
.e) 
= + 0.500 
me mM 
ird ve) 
‘its 0.400fF- 
0.300}- 
0.200} 4 ADD 
ADH 
l “4 l 
.@) | 2 3 4 5 6 
MINUTES 


Fia. 5. Time-course of reaction and restoration of DPN. The standard assay 
was used with 680 units of menadione reductase. When the reaction reached comple- 
tion, the pH was adjusted to pH 11.3 with NaOH and the following were added: 0.1 
ml. of 95 per cent ethyl alcohol and approximately 800 units of crystalline yeast alco- 
hol dehydrogenase (ADH). The latter part of the curve is corrected for dilution. 
In the control, the standard assay was used with 680 units of menadione reductase 
which had been heated at 100° for 5 minutes. 


a definite inhibitory action on these enzymes in contrast to its ineffective- 
ness on the pea enzyme. The other compounds tried produced approxi- 
mately similar inhibitory effects on the reductases from both EZ. coli and 
peas. 

Inhibition by Dicumarol—The anticoagulant properties of Dicumarol 
(3,3’-methylenebis[4-hydroxycoumarin]), as well as its structural similarity 
to menadione, prompted an examination of the effect of this compound 
on the menadione reductase and quinone reductase. Preliminary experi- 
mon- ments had already demonstrated that Dicumarol does not serve as un 
under} ¢lectron acceptor in the enzymatic and non-enzymatic oxidation of DPNH. 
Table III shows that Dicumarol is a potent inhibitor of menadione reduc- 
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yim 





794 PYRIDINE NUCLEOTIDE-MENADIONE REDUCTASE 


tase and quinone reductase from £. coli, as well as of quinone reductase 
from peas. Further investigation revealed that Dicumarol inhibits mena- 
dione reductase in a competitive manner, as demonstrated by the Line- 
weaver-Burk plot (14) indicated in Fig. 4. The quinone reductases of E. 
coli and peas, however, were shown to be inhibited in a non-competitive 
fashion. 











TaBLe IV 
Distribution of Menadione Reductase 
Source Specific activity Presence quinone reductase* 

PE MINE ok. oiss ccn re stexces 0 + 
IERIE Fi ae ae ree 208 - 
ee ee re 140 + 
Lyopmused B. cols... .......0.560% 1030 a 
I oo Sooo x nin tals ceeon ei 2000 + 
EE ee ee ae 750 a 
Se ree eee 0 = 
en CCC ETT E EET 100 + 
ON OR ee ere re 54 + 
| EMERG rte eee rer ces 514 + 
Paramecium aurelia................ 340 + 
STON 8 hecho cacsawenerasia 186 ot 
Achromobacter fischert............... 1120 + 
Daucus carota roote................. 57 Not tested 
Zebrina pendula leaves.............. 27 ss 
Gingko biloba leaves. ............... 0 6 ss 
Japanese maple leaves............. 0 “ e 
Phormia (blow fly) eggs............. 68 = = 








’ Standard conditions of assay. 
* Obtained in most part from Wosilait, Nason, and Terrell (4). 





Products of Reaction 


The oxidation of DPNH to DPN was confirmed by the complete restora- 
tion in absorption at 340 my upon addition of crystalline yeast alcohol 
dehydrogenase (15) and ethyl alcohol to the reaction mixture. Fig. 5 
shows this restoration after the DPNH had been oxidized to DPN in the 
presence of menadione reductase. 

The highly autoxidizable nature of reduced menadione was indicated in 
aerobic enzymatic reaction mixtures in which menadione in concentrations 
of one-half or one-fourth that of DPNH resulted in a complete oxidation 
of the latter. In similar experiments under anaerobic conditions, however, 
not all of the DPNH was oxidized. On the other hand, upon introduction 
of air to the system, complete oxidation of DPNH takes place. Numerous 
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attempts to determine the stoichiometry of the menadione reductase reac- 
tion under anaerobic conditions yielded inconsistent results, giving an oxi- 
dation of 1 to 2 moles of DPNH per mole of menadione added. Although 
the autoxidizable nature of the reduced menadione product precludes its 
isolation and characterization at this time, it is likely, by analogy with 
the already established hydroquinone product of quinone reductase action 
(3), to be 2-methyl-2 ,4-naphthohydroquinone. 

Distribution—Results from a survey of a limited number of organisms 
given in Table IV show menadione reductase to be present in animals and 
higher and lower plants. While most of the tissues tested showed the 
presence of both menadione reductase and quinone reductase, mushrooms 
and peas lacked the former and not the latter.” 


DISCUSSION 


Although 100 or more derivatives of benzoquinone and naphthoquinone 
occur as natural products (16), the function of most of these substances is 
not yet clear. That these substances undergo reversible oxidation and 
reduction with great ease, as well as the fact that in nature the oxidized 
and reduced forms often occur together, supports the suggestion (2) con- 
cerning their possible function as respiratory catalysts. At present two 
enzymes, quinone reductase and menadione reductase, are known to cata- 
lyze the reduction of some of these quinones by oxidation of reduced 
pyridine nucleotides. These two enzymes in E. coli were shown to be 
different by the following observations: (1) the ratio of activities of quinone 
reductase to menadione reductase varies over a wide range under various 
conditions, (2) the pH optima differ significantly, and (3) Dicumarol in- 
hibits menadione reductase in a competitive manner, whereas it is a non- 
competitive inhibitor for quinone reductase. 

A possible réle of quinone reductase as a connecting link for the transfer 
of electrons from respiratory substrates via pyridine nucleotides to oxygen 
through the terminal oxidases tyrosinase and laccase has already been 
demonstrated (4). It is not unlikely that menadione reductase might also 
function in a similar capacity. Whether vitamin K is the natural carrier 
in this system is not certain. However, it is clear that the aromatic nu- 
cleus of vitamin K does possess properties which enable it to play a réle 
in electron transport. Perhaps the alkyl side chains serve as attachments 
to particulate structures. The autoxidizable nature of the reduced form 
suggests that it might also act as a direct link to oxygen. Of special in- 
terest is the demonstration that menadione reductase is inhibited in a 
competitive fashion by the anticoagulant Dicumarol. This observation, 


*The authors are indebted to Roberta G. Abraham and Bella C. Averbach for 
invaluable technical assistance. 
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together with the known effect of Dicumarol in inhibiting the synthesis of 
prothrombin by the liver, which also contains the Dicumarol-sensitive 
enzymes (Table V), implies an enzymatic site of action of Dicumarol. I 
suggests that the enzymatic reduction of the vitamin K nucleus is necessary 
for prothrombin formation. 

In view of their observations that Dicumarol is a potent uncoupler of 
DPN-linked oxidative phosphorylation, Martius and Nitz-Litzow (17) 
have suggested that the réle of vitamin K in prothrombin synthesis is a 
reflection of a more significant function of the vitamin in cell metabolism, 


TABLE V 


Effect of Various Inhibitors on Menadione Reductase and Quinone Reductase 
of Rat Liver* 


























! 


Units of enzyme activity expressed on a volume basis. 
| Menadione reductase | Quinone reductase Ratio of activities, 
\Treatment | ogi ncaa 2. kann A quinone reductase 
Activity inhibition Activity inhibition menadione reductase 
} 
IN ek idticintnk neni s | 134 | | 1020 | | 7.6 
Dicumarol, 10-‘m......... | 20 | 85 25 | 75 | 12.7 
2,4-Dinitrophenol, 10-‘ m.. 124 | 7 315 | 69 2.5 
2,6-Dichloro-4-nitrophenol, 
oe aT | 26 420 | 59 | 4.2 
eT es -| 0 | 100 | 0 | 100 
“17x 10*m..........| @ | 
nn or | a a | 





* For these experiments a protein fraction was used which was collected between 
0 and 0.3 ammonium sulfate saturation of the supernatant solution of a crude liver 
‘extract. The standard assay was used with 134 units of menadione reductase (250 
y of protein). The same enzyme preparation containing 1020 units of quinone re- 
ductase was diluted one-eighth for the quinone reductase assay. 


They speculate that vitamin K serves between cytochromes b and c asa 
carrier in the pathway of electron transport to oxygen, and that the vita- 
min at this site also serves in some manner as a connecting link to the 
system involved in aerobic phosphorylation. The correlation between the 
uncoupling effects by various nitropheny] derivatives and Dicumarol and 
the inhibitory effects by these compounds on the quinone reductase and 
menadione reductase may not necessarily be a chance relationship. It is 
possible that, if the vitamin K nucleus serves as the link between oxygen 
uptake and phosphorylation, as visualized above, it might do so in the 
reduced form. The inhibitory effects of the above compounds on these 
two pyridine nucleotide enzymes might then explain the uncoupling action 
of these same compounds on DPN-linked oxidative phosphorylation. 
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Rat liver preparations have been the chief experimental material for the 
demonstration of DPN-linked oxidative phosphorylation and its uncoup- 
ling by the above compounds. It was therefore deemed pertinent to test 
the effects of certain nitrophenols and Dicumarol on the activities of 
menadione reductase and quinone reductase from rat liver. The sugges- 
tion (17) that the BAL-sensitive factor of Slater (18) may be identical with 
vitamin K also prompted an examination of the effects of BAL on these 
two enzymes. Table V shows that menadione reductase and quinone 
reductase from rat liver are strongly inhibited by Dicumarol and BAL. 
Although 2,4-dinitrophenol and 2,6-dichloro-4-nitrophenol are potent in- 
hibitors of quinone reductase, their effects are less marked on menadione 
reductase. The inhibitory action of BAL can apparently be ascribed to 
its reaction with the quinone and naphthoquinone substrates. While the 
above data with the rat liver enzymes are not incompatible with the specu- 
lation that the uncoupling action of the above compounds might be due to 
their inhibitory effects on menadione reductase and quinone reductase, 
further experimentation is necessary. 

From the E’» values at pH 7.0 of DPN*+: DPNH and menadione of —0.28 
and —0.005 volts, respectively (19, 20), a change in free energy of approx- 
imately — 13,400 calories was calculated for the menadione reductase reac- 
tion. From this value the equilibrium constant (K) for the reaction can 
be shown to be approximately 10°. 


SUMMARY 


The purification and properties of a menadione reductase from Escheri- 
chia coli are described and the enzyme is shown to be different from quinone 
reductase also present in the same organism. The enzyme catalyzed the 
transfer of electrons from reduced pyridine nucleotides to menadione 
(2-methyl-1 ,4-naphthoquinone). The maximal rate of activity achieved 
with TPNH was about one-third that obtained with DPNH. The reac- 
tion has a pH optimum at 8.3 and is not dependent upon metal ions, flavins, 
or other known cofactors. Various nitrophenyl derivatives, Dicumarol, 
and BAL inhibit the enzyme. Dicumarol is a competitive inhibitor of 
menadione reductase and a non-competitive inhibitor of quinone reductase 
of the same organism and of peas. Menadione reductase and quinone 
reductase which are present in rat liver extracts are also inhibited by the 
above compounds. The possible relationships between the action of these 


‘In the case of menadione, the addition of BAL in the absence of enzyme and 
pyridine nucleotide results in an increase in optical density at 340 mu. Although 
there is no change in optical density at 340 mg upon mixing BAL and p-quinone, a 
non-enzymatic reduction of p-quinone occurs as indicated by the increase in optical 
density at 290 my, which is characteristic of hydroquinone (3). 


XUM 
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inhibitors on prothrombin formation, menadione reductase, and quinone 
reductase, and uncoupling of oxidative phosphorylation are discussed. 
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THE ACTION OF GLYCERALDEHYDE-3-PHOSPHATE 
DEHYDROGENASE ON REDUCED DIPHOS- 
PHOPYRIDINE NUCLEOTIDE* 


By GALE W. RAFTER,+t STERLING CHAYKIN, anp EDWIN G. KREBS 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 
(Received for publication, December 28, 1953) 


The reduced form of diphosphopyridine nucleotide! is unstable in the 
presence of high concentrations of glyceraldehyde-3-phosphate? dehydro- 
genase. ‘This instability was first noted in studies on the oxidation of 
glyceraldehyde at pH values below the optimum for the enzyme. The 
expected increase in optical density at 340 my was followed by a second 
reaction in which this characteristic absorption band of DPNH disap- 
peared. In these reactions the final product, z.e. the product formed from 
the pyridine nucleotide, was found to have an absorption spectrum iden- 
tical with that of the product obtained by treatment of DPNH with dilute 
acid. Preliminary reports of this work have been given (1, 2). 

Instability of the reduced pyridine dinucleotides at low pH values was 
observed in the early work on these compounds (3-8). The changes in 
the absorption spectra of DPNH and TPNH upon acidification were de- 
seribed clearly by Haas (6). Accompanying the loss of the band at 340 
mu, a marked increase in absorption appeared in the region of 290 to 300 
mu. This new band was unstable, however, unless bisulfite was present. 
Adler et al. (8) showed that when a DPNH solution was acidified in the 
presence of bisulfite some oxidized DPN was formed, although the major 
portion of the DPNH reacted in a different manner. These latter workers 
did not observe any great increase in absorption in the region of 290 mu. 
DPNH treated with acid could not be restored to an active form of the 
coenzyme by neutralization. In recent years very little has been done to 
determine the nature of the reaction of DPNH or TPNH in acid. In 
1944 Gingrich and Schlenk (9) concluded that the product or products of 


* Aided in part by a grant from the Initiative 171 Research Fund of the State of 
Washington and in part by a grant from the United States Public Health Service. 

} Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland. 

'The following contractions are used: DPN, diphosphopyridine nucleotide; 
DPNH, reduced DPN; TPNH, reduced triphosphopyridine nucleotide; NMNH, 
reduced nicotinamide mononucleotide. 

* Glyceraldehyde-3-phosphate will be referred to as triose phosphate hereafter 
in this paper. 
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the reaction could not support the growth of Hemophilus influenzae, an 
organism requiring an intact nicotinamide-ribose moiety. 

The effect of acid on reduced pyridinium compounds other than DPNH 
and TPNH has been studied extensively. Compounds investigated in- 
clude reduced trigonelline (3, 5), reduced methylnicotinamide (4, 6, 10, 11), 
and other N-substituted dihydronicotinamide or pyridine compounds (12- 
16). In each instance the absorption band considered as analogous to the 
340 my band of DPNH disappeared on acidification, and increased absorp- 
tion appeared at lower wave-lengths. The changes were irreversible. 
Karrer and coworkers interpreted the reaction as the addition of acid 
across one of the double bonds of the reduced pyridine ring (14, 15). The 
product of the reaction in acid was never isolated in the crystalline form 
with any of the dihydro compounds investigated, and definitive determina- 
tion of the structure was not carried out. 

The present paper is concerned with the effect of triosephosphate dehy- 
drogenase as a catalyst for the same modification reaction of DPNH that 
occurs in acid. Only preliminary data concerning chemical properties 
related to the structure of the product are reported at this time. These 
will be dealt with more extensively in a later report, which will also be 
concerned with the behavior of the product in biological systems. 

Materials 

Enzymes—Crystalline yeast triosephosphate dehydrogenase was isolated 
by a modification of the method of Kunitz and McDonald (17, 18). Mus- 
cle triosephosphate dehydrogenase was isolated by the procedure of Cori 
et al. (19). The absorption coefficient given by Velick et al. (20) was used 
in calculating concentrations of this enzyme. Nucleotide pyrophosphatase 
was purified by the procedure of Kornberg and Pricer (21). The authors 
are indebted to Dr. E. Racker for a lyophilized sample of crystalline yeast 
alcohol dehydrogenase and to Dr. J. B. Neilands for a lyophilized sample 
of crystalline bovine heart lactic dehydrogenase. The specific activities of 
these preparations were checked in this laboratory before use to determine 
that no deterioration had occurred in shipment. 

DPN and DPNH—DPN of 70 per cent purity, prepared by the proce- 
dure of Williamson and Green (22), was used in some of the experiments. 
In others, DPN of greater than 90 per cent purity, obtained from the 


Pabst Laboratories, was used. DPNH was prepared by sodium hydro- | 


sulfite reduction of DPN and purified as the barium salt, a procedure 
which removes bisulfite impurities (23). For use, solutions of DPNH 
were prepared with the calculated amount of Na,SO, to decompose the 
barium salt. The preparations consisted of 70 to 90 per cent pure DPNH, 
in which approximately half the impurity, 7.e. 5 to 15 per cent of the total 
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pyridine nucleotide, was oxidized DPN. DPN concentrations were de- 
termined spectrophotometrically after reduction in the triosephosphate 
dehydrogenase reaction at pH 8.5. Concentrations of DPNH were calcu- 
lated with the value of 6.22 10° cm.? mole for the extinction coefficient 
at 340 my (24). 

Other reagents—Reduced N'-methylnicotinamide was prepared by the 
method of Karrer and Blumer (11). Reduced nicotinamide mononucleo- 
tide was prepared from DPNH with pyrophosphatase as described by 





























A 

06 1.24 o—- H5PO, 

—s AsO, 
S) 

+04 5 = 08 A 
y ly B 

02 0.44 

D 
c T T T 
20 40 60 80 20 40 60 80 100 
MINUTES MINUTES 
Fia. 1 Fia. 2 


Fig. 1. The oxidation of glyceraldehyde at different pH values in the presence of 
arsenate. The initial reaction mixtures contained the following components: DPN, 
111 X 10-4 M; arsenate, 0.06 mM; yeast triosephosphate dehydrogenase, 1.6 mg. per 
ml.; pyrophosphate, 0.025 m; cysteine, 0.005 mM; and pu-glyceraldehyde, 0.038 m. 
The final pH of the reaction mixtures was as follows: Curve A, 8.4; Curve B, 7.7; 
Curve C, 7.0; and Curve D, 6.5. Glyceraldehyde was added to start the reaction. 
Final volume, 3.0 ml. E30 = optical density readings at 340 my in a 1 cm. cell. 

Fic. 2. Course of the glyceraldehyde oxidation reaction with phosphate instead 
ofarsenate. The initial reaction mixtures contained the same components as in the 
experiments of Fig. 1 except that in Curve B 0.03 m phosphate was substituted for 
the arsenate. The DPN concentration was 2.4 X 10-4 M; yeast triosephosphate 
dehydrogenase, 0.41 mg. per ml.; pH 7.4. 


Kornberg and Pricer (21). The pyrophosphatase reaction was followed to 
completion, as indicated by release of adenylic acid, and aliquots of this 
reaction mixture were used as NMNH solutions. 


Results 


Biphasic Reaction Observed with Glyceraldehyde Oxidation—When high 
concentrations of yeast triosephosphate dehydrogenase were used to cata- 
lyze the oxidation of glyceraldehyde by DPN in the presence of arsenate, 
it was found that final stable optical density readings at 340 my were not 
obtained below pH 8 (Curves B, C, and D of Fig. 1). At pH 8.4 (Curve 
A) the final Hy was stable and equal to the theoretical value for the 
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amount of DPN added. If phosphate was substituted for arsenate in the 
reaction mixture (Fig. 2), the final reading was stable even at values below 
pH 8. Since glyceraldehyde oxidation in the presence of arsenate would 
continue until all the DPN was reduced, while with phosphate this reac- 
tion would reach an equilibrium (25), the results suggested that one of 
the components of the equilibrium mixture, presumably DPN, was inhibit- 
ing the second reaction in which the 340 my band of DPNH was destroyed, 

In studies from other laboratories on glyceraldehyde oxidation with high 
concentrations of yeast triosephosphate dehydrogenase (25, 26), no bi- 
phasic reaction was reported. This can be explained on the basis of the 
experimental conditions employed. Warburg and Christian (25) studied 
the reaction at pH 7.5, but phosphate was used instead of arsenate; Meyer- 
hof and Oesper (26) used arsenate, but only in experiments above pH 8, 
at which the second phase of the reaction does not occur. 

An experiment showing that oxidation of DPNH to DPN is an extremely 
unlikely explanation for the biphasic reactions of Fig. 1 is illustrated in 
Fig. 3. After the absorption at 340 my had disappeared completely (80 
minutes), a second sample of DPN was added, whereupon the two phases 
of the reaction occurred again.* In other experiments, reaction mixtures 
were deproteinized by heating at the end of the biphasic reaction, and the 
protein-free filtrates were analyzed for DPN, but none was found. 

In another experiment (not illustrated) under conditions similar to those 
used in the test of Fig. 3, Ne was passed through the reaction mixture for 
a period of 15 minutes until just before addition of glyceraldehyde to start 
the reaction. The biphasic reaction was identical with that of a control 
experiment without Ne. Although it cannot be said that all traces of 0, 
were excluded from the reaction mixture by this procedure, it would seem 
probable that the concentration of O2. would be reduced sufficiently to 
modify the rate, if O. were involved in the reaction. 

Effect of Enzyme on DPNH in Simplified Test System—The reaction 
characterized by loss of absorption at 340 mu was found to be independent 
of glyceraldehyde oxidation, except as the latter reaction served to produce 
substrate, 7.e. DPNH. In reaction mixtures containing only buffer and 
DPNH, a rapid decrease in L349 resulted when yeast triosephosphate de- 
hydrogenase was added. The course of the reaction in phosphate buffer 
at several pH values is shown in Fig. 4. It will be noted that a slow rate 
of diminishing absorption was present before addition of enzyme. This 
spontaneous reaction was not marked above pH 4, and a definite optimal 
pH for the enzyme effect could be determined. Fig. 5, Curve A shows 

’ The reaction was followed longer than is illustrated in Fig. 3, but the optical 


density at 340 mp did not go below 0.100. Slight turbidity was developing in the 
reaction mixture, which may have accounted for the apparent leveling off. 
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initial reaction rates as a function of pH in the presence of enzyme. In 
experiments at pH 5.5, at which the spontaneous reaction does not inter- 
fere, it was found that reaction rates were directly proportional to enzyme 
concentration. 

When reactions such as those illustrated in Fig. 4 were followed for long 
periods of time (50 to 60 minutes), the absorption at 340 my was reduced 
to 1 or 2 per cent of the original value, indicating that essentially all of the 
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Fig. 3. Addition of DPN at the end of the biphasic reaction. The reaction mix- 
ture was the same as in the experiment of Fig. 2, Curve A, except that the pH was 6.9 
and the triosephosphate dehydrogenase concentration was 1.6 mg. per ml. Second 
addition of DPN at 83 minutes in an amount equal to the original DPN. 

Fig. 4. Course of the DPNH modification reaction at different pH values. The 
reaction mixtures were made up of the following components in the final concentra- 
tions indicated: DPNH, 0.6 X 10-4 Mm; phosphate buffer, 0.2 ionic strength; and yeast 
triosephosphate dehydrogenase, 0.9 mg. per ml. Curve A, pH 5.7; Curve B, pH 5.3; 
Curve C, pH 5.0. The enzyme had been dialyzed against phosphate buffer prior to 
use. Enzyme was added at the 3rd minute. 


DPNH was converted to some other form. If the product of the DPNH 
modification reaction is in equilibrium with DPNH, the equilibrium con- 
stant for the reaction is very small. Raising the pH to 10 did not result 
in any increased absorption at 340 mu. 

Product of Reaction—The product of the triosephosphate dehydrogenase- 
catalyzed modification reaction of DPNH was found to have essentially the 
same absorption spectrum as the primary product resulting when DPNH 
is treated with dilute acid.‘ In Fig. 6 these spectra are compared with the 


4In acid solution a series of reactions occurs, as evidenced by spectral changes. 
The first reaction is characterized by loss of the absorption band at 340 my and greatly 
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spectrum of DPNH before the reaction. It will be noted that, in addition 
to loss of the band at 340 my, there is greatly increased absorption in the 
region of 280 to 290 my. The peak of the curve is shifted from 260 to 
265 mu. Haas (6) reported a separate peak at 295 my for the product 
obtained on acidification of DPNH; however, his absorption measurements 
were carried out at pH 0 in the presence of bisulfite, whereas the spectra 
of Fig. 6 were determined at pH 7 without addition of bisulfite. Results 
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Fig. 5. Rate of DPNH modification as a function of pH in the presence and ab- 
sence of enzyme. The reaction mixtures contained DPNH, 1.2 X 10~ M; acetate, 
0.1 M; pyrophosphate, 0.01 m; cysteine, 0.005 m; and yeast triosephosphate dehydro- 
genase, 0.69 mg. per ml. Curve A (solid line), initial rates in the presence of enzyme; 
Curve B, initial rates without enzyme. The dotted curve is obtained by subtracting 
non-enzymatic reaction rates (Curve B) from Curve A. 

Fig. 6. Absorption spectra of DPNH and the product of the modification reaction. 
The millimolar extinction coefficients are based on the value of 6.22 for DPNH (24). 
The sample of DPNH used was 75 per cent pure on a dry weight basis. All spectra 
were measured in tris(hydroxymethyl)aminomethane buffer, pH 7.0. O, DPNH; 
A, product from DPNH with 20 minutes incubation in 0.01 n HCl at 25°; 0, prod- 
uct from DPNH at pH 5.2 in the presence of yeast triosephosphate dehydroge- 
nase. 


in agreement with the finding of Haas were obtained under the conditions 
that he employed. 

Studies pertaining to the structure of the modified DPNH will be given 
in detail in a later report. It has been determined that the product of 
the enzymatic reaction and the primary product produced by acid treat- 





increased absorption in the region of 280 to 290 my. This step may be referred to 
conveniently as the primary reaction, yielding primary DPNH modification product. 
The primary reaction is the change catalyzed by triosephosphate dehydrogenase. 
A secondary reaction in acid solution is characterized by a drop in absorption in 
the region of 280 to 290 mp. This latter reaction does not occur if the solution is 
neutralized immediately after the primary modification reaction. 
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ment behave identically in paper chromatographic studies with various 
solvents. The R,y value with each of the solvent systems used was almost 
the same as that for DPNH (Table I). None of the major bonds linking 
the several moieties has been split by the reaction; 7.¢., the nicotinamide- 
ribose-phosphate-phosphate-ribose-adenine structure is intact. The evi- 
dence for this is based in part on the finding that the absorption spectrum 
of the primary DPNH modification product, obtained by elution from a 
single spot on a paper chromatogram, is essentially the same as that shown 
in Fig. 6; i.e., the contributions of the adenine (260 my) and modified 
nicotinamide (280 to 290 mu) moieties are both present. Adenylic acid 


TABLE I 
Ry Values in Various Solvent Systems 
DPNH was located on the paper by its characteristic blue-white fluorescence, 
when exposed to ultraviolet light (Mineralight). The DPNH modification product 
and DPN did not fluoresce, but could be located as dark blue quenching spots on the 
paper. All of the compounds were in neutral or slightly alkaline solution at the 
time of their transfer to the paper. 





DPNH modification _— 








| 
Solvent | DPNH |— A RE DPN 
| Formed in | Formed en- | 
acid zymatically | 
| — | - | 
(NH,4)2SO,*.... es | 0.28 | 0.32 | 0.32 | 0.43 
60% n-propanol.... | 0.37 0.44 | 0.46 | 0.27 
Acetone-H,O (2:1). Bites Fat S 0.38 | 0.41 | 0.38 | 0.24 
SR eee eee 0.27 eB: ae oe 0.18 





* 58 ml. of saturated (NH,)2SO,, 38 ml. of 0.25 m K2HPO,, 2 ml. of 6 Nn NaOH, and 
2 ml. of n-propanol. 


was obtained by treating the primary product with nucleotide pyrophos- 
phatase and was determined with adenylic deaminase. 

Effect of Ions on Triosephosphate Dehydrogenase Activity in Reaction with 
DPN H—When enzyme that had been dialyzed against distilled water was 
added to a DPNH solution, a very slow rate of decreasing absorption at 
340 mu was noted (Fig. 7, Curve A). The pH of the reaction mixture was 
5.75. At exactly the same pH in phosphate buffer, 0.2 ionic strength, a 
much more rapid rate was found (Fig. 7, Curve B). That the effect was 
not due to the ionic strength of the solution alone was shown by the finding 
that addition of NaCl to a reaction mixture such as that illustrated by 
Curve A of Fig. 7 did not increase the rate. 

Acetate ion had no activating effect, and it was convenient to use acetate 
buffer for the contro] of pH while testing the effects of different ions on 
the reaction. Those ions found to be effective included orthophosphate, 
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citrate, and pyrophosphate. Pyrophosphate was the most effective, giving 
maximal rates at a concentration of 0.015 mM, whereas the same rate with 
citrate or phosphate required concentrations of approximately 0.15 M. 
The rate of the acid-catalyzed (non-enzymatic) DPNH modification reac- 
tion was studied in acetate buffer at pH 3.8 and found to be unaffected 
by the ions affecting the enzymatic activity. 

Inhibition by DPN—As the experiments of Fig. 2 suggested, DPN was 
found to be an inhibitor in the enzymatic DPNH modification reaction. 
Table II shows the degree of inhibition at two DPN to DPNH molar 
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Fig. 7. Activating effect of phosphate ion on the enzymatic DPNH modification 
reaction. Composition of the reaction mixture in Curve A DPNH, 1.46 X 10-4 ; 
yeast triosephosphate dehydrogenase, 1.8 mg. per ml.; pH 5.75. In Curve B the 
composition was identical with that in Curve A except that the reaction was car- 
ried out in phosphate buffer of 0.2 ionic strength, pH 5.75. The enzyme for the 
experiments was dialyzed 48 hours against distilled H,O. 


ratios. With the concentration ratio approximately equal to 1 (Experi- 
ment 2), the reaction was 50 per cent inhibited. Calculations of activity 
in terms of turnover number are also shown in Table II. It will be noted 
that the turnover number in this reaction is very low compared to the 
reported value of 28,000 for yeast triosephosphate dehydrogenase in triose 
phosphate oxidation (25). 

Specificity of Yeast Triosephosphate Dehydrogenase in Reaction—Because 
of the very low turnover number of triosephosphate dehydrogenase in the 
DPNH modification reaction, the question naturally arose as to whether a 
contaminant in the crystalline enzyme preparation was the actual catalyst. 
In seeking an answer to this question, triose phosphate oxidation activity 
was compared with DPNH modification activity at the various stages in 
the purification of the protein (Table III). It can be seen that the two 
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activities increase in a parallel manner throughout the fractionation pro- 
cedure beyond the original extract. As has been pointed out (18), the 
triose phosphate oxidation activity test may be inaccurate in the crude 


Tasie II 
Inhibition of DPNH Modification Reaction by DPN 
The test system contained DPNH, 1.32 X 10-4 M; acetate buffer, 0.1 M; cysteine, 
0.005 m; pyrophosphate, 0.01 m; and yeast triosephosphate dehydrogenase, 0.72 mg. 
per ml. or 0.6 X 10-5 M; calculated on the basis of a molecular weight of 120,000 
(private communication from Dr. J. F. Taylor). DPN was added in the final con- 





centrations indicated. The pH of the reaction mixture was 5.2. 














| 
wit - Moles DPNH 
: . . ; |Initial rate of reaction : biti 
Experiment No.| Molarity of DPN : *| reacting per mole Inhibition 
a ; | a “aa oa min. 
————— = = — 
| X 104 | per cent 
1 0.07* 0.065 1.75 
2 1.13 | 0.032 0.85 51 
3 2.26 0.018 0.48 73 
| 








*No DPN was added, but this amount was present as a contaminant in the 


DPNH used. 


reaction in caleulating the per cent inhibition. 


TaB.eE III 


The rate in Experiment 1 is arbitrarily designated as the uninhibited 


Comparison of Two Activities of Yeast Triosephosphate Dehydrogenase at 
Stages in Enzyme Fractionation 

DPNH modification reaction activities were based on reaction rates at pH 5.4 
in a test system identical with that used in the experiments of Fig. 5. Triose phos- 


phate oxidation activities were determined as described previously (18). 

















Per cent of 3rd crystals 
Fraction 

Triose phosphate DPNH modification 

oxidation activity activity 
Original yeast extract..... Fican di caaeear 13 21 
0.5-0.7 saturated (NH,).SO, fraction......... 17 21 
EN, foro iwi toce Bods la bede seul on 44 45 
ma CS ee ee 59 60 
a eee See eens Ht. ey eNeee eT. 100 100 








fractions, and this could account for the lack of closer agreement of the 
two initial specific activities shown in Table III. The percentage of triose- 
phosphate dehydrogenase in the original yeast extract, calculated from 
increase in DPNH modification reaction activity, is 21 per cent, which 
compares very closely with the value of 19 per cent determined immuno- 
logically (18). 
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Other proteins were tested and found to have no detectable effect in 
the DPNH modification reaction. These included bovine serum albumin 
(Armour), yeast alcohol dehydrogenase, and heart lactic dehydrogenase 
(bovine). It was of particular interest that the latter two DPN-requiring 
enzymes were inactive. 

DPNH Modification Reaction Catalyzed by Muscle Triosephosphate De- 
hydrogenase—Crystalline rabbit muscle triosephosphate dehydrogenase, 
like the yeast enzyme, catalyzed the reaction with DPNH. This property 
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Fic. 8. Comparison of muscle and yeast triosephosphate dehydrogenase in the 
DPNH modification reaction. All reaction mixtures contained DPNH, 0.61 X< 10-4 
M; acetate, 0.1 mM; and pyrophosphate, 0.01 mM; pH 5.5. Curves A and B, 0.47 mg. of 
muscle enzyme per ml.; Curves C and D, 0.27 mg. of yeast enzyme per ml. In the 
reactions of Curves B and D the enzymes were incubated in 0.03 m cysteine at pH 8 
for 10 minutes prior to use. Cysteine at a concentration of 0.005 m was also present 
in the reaction mixtures used in the experiments of Curves B and D. 


of the muscle enzyme has also been noted by Velick et al. (20). In experi- 
ments similar to those of Fig. 1, a biphasic reaction is obtained with the 
muscle enzyme in the same range of pH values that were used with the 
yeast enzyme. The activity of the muscle enzyme in the modification 
reaction as tested at pH 5.5 is lower than that of the yeast enzyme, and 
the necessity for cysteine activation is greater. In Fig. 8 enzymes from 
the two sources are compared in experiments with and without cysteine. 
Enzyme concentration in the experiments with yeast dehydrogenase 
(Curves C and D) is approximately one-half that employed with the muscle 
enzyme (Curves A and B). The lower activity of the muscle enzyme 
may be related to inhibitory action of the bound DPN or to a greater in- 
stability of the protein at low pH values. The much greater requirement 





of tl 
phos 

E: 
NM. 
than 


any 
spon 
phat 


T! 
phos 
reac 
oxid 
be ¢ 
oxid 


DP! 
obta 
addi 
bons 
appr 
reac 
was 
carr 
resu 
be i 
inor 
labil 


reac 
at ¢ 
Altl 
reac 
tain 
und 
rapi 
pha 
pres 


the 
10-4 
. of 
the 
HH 8 


sent 


eri- 

the 

the 
tion 
and 
rom 
ine. 
1ase 
scle 
yme 
* in- 
rent 





G. W. RAFTER, S. CHAYKIN, AND E. G. KREBS 809 


of the muscle enzyme for cysteine is well known from studies of triose 
phosphate oxidation (19). 

Experiments with NMNH and Reduced N'-Methylnicotinamide—Reduced 
NMNH and especially reduced N'-methylnicotinamide are more labile 
than DPNH (21, 10). Even at pH values as high as 7 to 8 the absorption 
peaks® at 340 and 360 my decrease at a detectable rate in the absence of 
any enzyme. Experiments were carried out to determine whether these 
spontaneous reactions were affected by the presence of yeast triosephos- 
phate dehydrogenase. No acceleration was noted with either compound. 


DISCUSSION 


The significance of the DPNH modification reaction catalyzed by triose- 
phosphate dehydrogenase is unknown. There is no suggestion that this 
reaction is in any way connected with the mechanism of triose phosphate 
oxidation. It is of interest to speculate as to whether the reaction might 
be concerned in the process of oxidative phosphorylation involving DPNH 
oxidation, but no evidence bearing on this possibility has been obtained. 

In studying the instability in acid of various model compounds for 
DPNH, such as reduced N'-methylnicotinamide, Karrer et al. (14, 15) 
obtained evidence suggesting that the product of the reaction was an acid 
addition compound, in which the acid was added across one of the double 
bonds of the reduced pyridine ring. Since phosphate or pyrophosphate 
appeared to be essential anions for the enzymatic DPNH modification 
reaction, it was attractive to postulate that the product of this reaction 
was a DPNH phosphate or pyrophosphate addition product. Experiments 
carried out with DPNH in the presence of P*-orthophosphate did not 
result in the formation of any product containing the isotope that could 
be isolated; however, it is possible that the procedure used® for separating 
inorganic phosphate from the modified DPNH could have split a highly 
labile phosphate bond. 

An awareness of the possibility of the enzymatic DPNH modification 
reaction may be important in any study in which a decrease in absorption 
at 340 my is considered as an indication of DPNH oxidation to DPN. 
Although the turnover number of triosephosphate dehydrogenase in this 
reaction is very low, it is significant that crude cellular extracts may con- 
tain a very high percentage of this protein (18). It is also possible that 
under certain conditions the DPNH modification reaction may be more 
rapid than the present studies indicate. Enzymes other than triosephos- 
phate dehydrogenase and those tested may catalyze the reaction. At the 
present time, a system is being studied in this laboratory in which a chemi- 


5 Reduced N!-methylnicotinamide has a peak at 360 my rather than at 340 mu. 
*The inorganic phosphate was separated as MgNH,PQ,. 
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ca] (non-enzymatic) oxidation of DPNH to DPN is accompanied by the 
formation of appreciable amounts of the DPNH modification product. 
The relative amounts of the latter compound and of DPN are determined 
by differential spectrophotometry. 

A study of the kinetics of the DPNH modification reaction may serve 
as a useful tool in the study of the binding of DPN and DPNH to triose- 
phosphate dehydrogenase, especially at low pH values. 


The authors are grateful for the technical assistance of Mrs. Jane L. 
Crosby and Mrs. Doris E. Cleveland. 


SUMMARY 


1. Triosephosphate dehydrogenase has been shown to catalyze a reaction 
of DPNH characterized by loss of the absorption band at 340 mu and the 
appearance of increased absorption in the region of 280 to 290 mu. 

2. The product of the enzymatic reaction has an absorption spectrum 
identical with that of the primary product produced from DPNH in acid. 

3. The enzymatic activity in the DPNH modification reaction requires 
the presence of polyvalent anions. It is inhibited by DPN. 

4. Implications of this reaction are discussed. 
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THE MECHANISM OF PENTOSE PHOSPHATE CONVERSION 
TO HEXOSE MONOPHOSPHATE 


Il. WITH PEA LEAF AND PEA ROOT PREPARATIONS* 


By MARTIN GIBBS anp B. L. HORECKER 


(From the Department of Biology, Brookhaven National Laboratory, Upton, New York, 
and the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, January 16, 1954) 


Evidence for the conversion of pentose phosphate to hexose monophos- 
phate via sedoheptulose phosphate has been obtained with extracts of rat 
liver (1) and spinach leaves (2). It has been demonstrated that sedohep- 
tulose phosphate is formed from pentose phosphate by the action of the 
enzyme transketolase (3) and that hexose monophosphate is formed from 
sedoheptulose phosphate by the enzyme transaldolase (4). 


a 


2 pentose phosphate = sedoheptulose-7-phosphate + glyceraldehyde-3-phosphate 
Sedoheptulose-7-phosphate + glyceraldehyde-3-phosphate = 


fructose-6-phosphate + tetrose phosphate 


In previous work (1), the course of these reactions in a rat liver extract 
was studied with ribose-5-phosphate-1-C* and 2,3-C". Ribose-5-phos- 
phate-1-C™ gave rise to 1,3-labeled hexose monophosphate, with approxi- 
mately 75 per cent of the tracer in the Ist carbon atom (C-1, aldehyde 
carbon). The 2,3-labeled pentose phosphate yielded hexose monophos- 
phate labeled in the following manner: (1) nearly one-half of the total 
activity appeared in C-4, (2) C-2 and C-3 were approximately equally 
labeled, and (3) a small but significant amount of activity was found in 
C-1. It was concluded that in addition to the reactions involving forma- 
tion and utilization of sedoheptulose phosphate one or more other reactions 
are concerned in the formation of hexose monophosphate from pentose 
phosphate. 

In the present work experiments similar to those with the rat liver ex- 
tracts were carried out with preparations of pea roots and pea leaves 
capable of converting pentose phosphate to hexose monophosphate. It 
was found that with the pea root extract the labeling in the hexose mono- 
phosphate formed from pentose phosphate was essentially the same as that 
obtained with the rat liver preparation, while with the leaf preparation a 


* Research carried out at Brookhaven National Laboratory under the auspices of 
the United States Atomic Energy Commission. 
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somewhat different labeling resulted. This difference indicates that the 
conversion of pentose phosphate to hexose monophosphate in the pea leaf 
involves a reaction which does not occur in the root or liver preparations, 
and which may function in the photosynthetic action of the leaf. 


Methods and Materials 


Unless otherwise specified, the methods and materials employed were as 
previously described (1). 

Growth of Planis—Pea seeds (Pisum sativum variety Alaska, Rogers 
Brothers Seed Company, Idaho Falls, Idaho) were soaked overnight in tap 
water, then planted in sterile sand contained in flats kept in the greenhouse 
and watered daily. Nutrient solution (5) was poured over the sand once 
during the period of growth. 

Roots and leaves of 11 to 13 day-old plants were used. A typical plant 
had four to five sets of leaves and weighed about 2 gm. without the cotyle- 
dons; the weight was approximately evenly divided among the stems, 
leaves, and roots. 

Enzyme Preparations—Pea root acetone powder was prepared by ho- 
mogenizing 120 gm. of thoroughly washed pea roots with 1200 ml. of ace- 
tone at —10° in Waring blendors and filtering with suction. The residue 
was reextracted with 400 ml. of acetone, and coarse fibers were removed 
by screening. The enzyme extract was made by suspending the acetone 
powder at room temperature in 20 ml. of 0.1 mM 2-amino-2(hydroxymethyl)- 
1 ,3-propanediol buffer (Tris buffer), pH 8.0, for 30 minutes. After re- 
moval of insoluble material by centrifugation, the clear supernatant fluid 
was dialyzed overnight in the cold room against 10 liters of 0.02 m Tris 
buffer, pH 8.0. 

.The pea leaf extracts were prepared by grinding 120 gm. of leaves, sepa- 
rated from the stems, with an equal weight of acid-washed, cold sand and 
20 ml. of cold 0.25 m KHCO;. This operation and subsequent ones in the 
preparation of the leaf extract were carried out at 0-4°. The extract was 
strained through four thicknesses of cheese-cloth and centrifuged at 18,000 
X g for 20 minutes. The volume was approximately 75 ml. The pH, 
which varied from 6.8 to 7.5, was brought to 5.2 with cold 2 N acetic acid. 
After removal of the precipitate by centrifugation, the supernatant solution 
was adjusted to pH 8.0 with cold 2 n KOH. The solution was then 
brought to 31 per cent saturation by the addition of 19.4 gm. of solid 
ammonium sulfate. The precipitate which formed was separated by cen- 
trifugation and discarded. Solid ammonium sulfate (7.0 gm.) was added 
to the supernatant solution to bring the saturation to 42 per cent. The 
precipitate was collected by centrifugation and dissolved in 10 ml. of 0.02 
M Tris buffer, pH 8.0. 

Radioactive pentose phosphate was incubated with the plant prepara- 
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TaBLe I 
Production of Hexose Monophosphate from Ribose-5-phosphate-1-C'* by Pea Root 
Preparation 
Carbon atom No. | Specific activity Per cent of total 

myc. per mg. C 

1 13.6 70 

2 0.0 0 

3 5.7 29 

4 0.2 1 

5 0.0 0 

6 0.0 0 











The incubation mixture, pH 8.0, contained 12.8 um of ribose-5-phosphate-1-C™ 
(about 26 myc. per um) and 1.0 ml. of root enzyme preparation in a total volume of 
12ml. After 4 hours at 25°, the reaction mixture, which contained 3.5 um (27 per 
cent yield) of glucose-6-phosphate, was treated with 198 um of unlabeled glucose-6- 
phosphate. The volume was made up to 11 ml. with water, and the solution was 
deproteinized by the addition of 1 ml. of 50 per cent trichloroacetic acid. The 
barium salt was isolated and recrystallized and the final product (134 um) dephos 
phorylated with potato phosphatase as previously described. A portion of this 
solution, containing 70 um of free glucose, was degraded with Leuconostoc mesenter- 
oides (10) after addition of 400 um of unlabeled glucose. In this and in subsequent 
experiments specific activity values are corrected for glucose carrier, but not for 
glucose-6-phosphate added prior to crystallization. 








Taste IT 
Production of Hexose Monophosphate from Ribose-5-phosphate-1-C'* by Pea Leaf 
Preparation 
Carbon atom No. Specific activity Per cent of total 
myc. per mg. C 

1 30.0, 28.5* 66, 63* 

2 0.2, 0.1 0, 0 

3 4.8, OF 17, 19 

4 4.0, 4.3 9,9 

5 0.0, 0.0 0, 0 

6 3.5, 3.9 8, 9 








The incubation mixture contained 16.0 um of ribose-5-phosphate-1-C™ (about 26 
Myc. per uM) and 1.0 ml. of pea leaf enzyme preparation in a total volume of 1.25 
ml., pH 8.0. After 2 hours at 25°, the incubation mixture, which contained 5.55 um 
(35 per cent yield) of glucose-6-phosphate, was treated with 168 um of carrier glucose- 
6-phosphate. After the volume was brought to 8.15 ml., 0.8 ml. of 50 per cent tri- 
chloroacetic acid was added. The barium salt of glucose-6-phosphate heptahydrate 
was isolated and crystallized as in Table I. The glucose-6-phosphate (155 um) ob- 
tained after three recrystallizations was dephosphorylated. Two portions (each 
containing 60 um of glucose) of the dephosphorylated solution were treated with 400 
uM of carrier each and degraded separately. 

* The figures represent duplicate degradations of the same sample. 
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tions and the formation of hexose monophosphate followed by assay with 
triphosphopyridine nucleotide and glucose-6-phosphate dehydrogenase (3). 
At the end of the incubation period the mixture was deproteinized and 
glucose-6-phosphate isolated as the crystalline barium salt. This was 
recrystallized to constant specific activity, hydrolyzed with potato phos- 
phatase, and degraded as previously described (1). 


Results 


Isotope Distribution in Hexose Monophosphate Formed from Ribose-5- 
phosphate-1-C'*—Glucose-6-phosphate formed from 1-labeled pentose phos- 








Taste III 
Production of Hexose Monophosphate from Ribose-5-phosphate-2 ,3-C'4 by Pea Root 
Preparation 
Carbon atom No. Specific activity Per cent of activity 

myc. per mg. C 

1 0.40 4 

2 2.24 25 

3 2.44 27 

4 3.72 42 

5 0.18 2 

6 0.0 0 











The incubation mixture, at pH 8.0, contained 40.5 um of ribose-5-phosphate- 
2,3-C™ and 5.0 ml. of root extract in a total volume of 6.3 ml. After 4 hours at 36°, 
8.1 um (20 per cent yield) of glucose-6-phosphate were formed. To the mixture, 168 
uo of carrier glucose-6-phosphate and 0.8 ml. of 50 per cent trichloroacetic acid were 
added. Subsequent procedures were as in Table I. 154 um of glucose were re- 
covered, which was diluted with 400 um of glucose and degraded. 


phate by the root preparations contained significant quantities of tracer 
only in carbon atoms 1 and 3 (Table I), with 70 per cent of the total ac- 
tivity in carbon atom 1. In contrast, however, tracer was located in 4 
carbon atoms of the glucose-6-phosphate formed by the pea leaf prepara- 
tions. While the labeling in carbon atoms 1 and 3 was similar to that 
observed with liver and root preparations, significant amounts of C™ also 
appeared in carbon atoms 4 and 6 (Table II). 

Isotope Distribution in Hexose Monophosphate Formed from Pentose Phos- 
phate-2 ,3-C'*—Glucose-6-phosphate formed from 2 ,3-labeled pentose phos- 
phate by the root preparation was labeled primarily in carbon atoms 2, 3, 
and 4, with a small but significant amount of tracer in carbon atom 1. 
Carbon atom 4, with 42 per cent of the total radioactivity, was about 
twice as active as carbon atoms 2 and 3, which were approximately equal 
in isotope content (Table III). Glucose-6-phosphate formed by the leaf 





prep 
aton 
ator 


live 
of : 


M. GIBBS AND B. L. HORECKER 817 


vith preparation contained about 40 per cent of the total isotope in carbon 
(3). atom 4, but carbon atom 3 was nearly as active. In addition, carbon 
and atoms 2 and 5 contained significant amounts of isotope (Table IV). 

was 
hos- TaBLe IV 


Production of Hexose Monophosphate from Pentose Phosphate-2,3-C'* by Pea Leaf 
Preparation 





Carbon atom No. Specific activity Per cent of activity 
e-5- 
hos- 





myc. per mg. C 
0.57 
2.59 
6.95 
8.40 
1.02 
0.0 


on BSS w 


oot 





oan r WON 








The incubation mixture, at pH 8.0, contained 13 um of ribose-5-phosphate-2,3-C™ 
and 1.0 ml. of leaf extract in a total volume of 1.9 ml. After 1 hour at 25°, the re- 
action mixture, containing 4.73 um of glucose-6-phosphate (36.4 per cent yield), was 
treated with 168 um of carrier glucose-6-phosphate. The formation and recrystalli- 
zation of the barium glucose-6-phosphate heptahydrate were as described in Table 
I. After dephosphorylation, 136 um of glucose were recovered. For degradation, a 
portion (70 um) was diluted with 400 um of carrier glucose. 








ate- DISCUSSION 
pe The similarity in distribution of label in the glucose-6-phosphate formed 
were from 1-labeled or 2,3-labeled pentose phosphate by crude extracts of rat 
» Te- liver (1) and by extracts of pea root is taken as evidence for the occurrence 
of a similar sequence of reactions in these tissues. The transketolase-trans- 
acer - 
ce c* 
in 4 | | 
ara- C* og 
that | L ed 
also a r C | 
oe 4 0 C4 
ne | t ketol | | transaldolase | 
hos- 2 C ransKeto es C C a mp € C 
2, 3; | | | 
no l. C C C C C 
out aldolase series of reactions represented postulates the formation of hexose 
qual monophosphate labeled equally in carbon atoms 1 and 3 when 1-labeled 
leaf pentose phosphate (indicated by *) is the substrate. However, the root 
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extract, like the rat liver preparation, places 70 per cent of the isotope of enz} 
ribose-5-phosphate-1-C" in carbon atom 1 of the hexose monophosphate diph 
and the remainder in carbon 3. With the 2,3-labeled substrate (indi- phos 
cated by °), this sequence of reactions should have formed hexose mono- It 
phosphate, with the isotope equally divided between carbon atoms 2 and pho: 
4, While a major portion of the tracer is located in these positions, never- in ¢ 
theless carbon atom 4 possesses radioactivity approximately twice that of labe 
either carbon atom 2 or 3, the latter atoms having equal amounts of iso- phos 
tope. A small but significant amount of activity also appeared in carbon mon 
1. From the data in Tables I and III, it is evident that the following labe 
scheme, previously postulated (1) to account for the formation of hexose T 
monophosphate from pentose phosphate in liver preparations, can be ap- tase 
plied as well to the pea root extracts. tive 
(1) 2 pentose phosphate — hexose phosphate + tetrose phosphate a 
y \ 

(2) Pentose phosphate + tetrose phosphate > hens 
hexose phosphate + triose phosphate dist: 

(3) Triose phosphate — 4 hexose phosphate + 4 inorganic phosphate ‘a 
pha 


The liver and root preparations differ in one important respect. While 
evidence was presented in a previous report indicating that rat liver prep- bet 
arations would not convert fructose-1,6-diphosphate to fructose-6-phos- 


phate, the root preparations did catalyze this reaction.! Therefore, in ot 
Reaction 3, the formation of hexose monophosphate from triose phosphate initi 
by way of fructose diphosphate may involve different mechanisms. spre 
From the data in Table II it is apparent that the bulk of the pentose gree 
phosphate-1-C" is converted by the crude leaf extracts into hexose mono- The 
phosphate by a sequence of reactions similar to those operating in liver and and 
root extracts. However, extracts of the chlorophyll-containing tissue pos- ina 
sess an additional mechanism whereby the Ist carbon atom of pentose hete 
phosphate appears in carbon atoms 4 and 6 of the hexose monophosphate. is th 
The appearance of a small but significant amount of isotope in carbon atom moi 
5 (Table IV) when pentose phosphate-2 ,3-C™ is the substrate is further 
evidence for such a reaction. T 
Two reactions may be considered which would produce the results ob- Der 
served with leaf extracts. (1) The phosphorolytic cleavage of an “active 
dihydroxyacetone” complex formed from sedoheptulose phosphate in the 
transaldolase reaction to yield triose phosphate. Horecker and Smyrni- T 
otis (4) have obtained evidence with purified yeast transaldolase that in pho 
this reaction a dihydroxyacetone group is transferred from sedoheptulose- EB 


7-phosphate to glyceraldehyde-3-phosphate, presumably by way of an hex 
1 Unpublished observation made in this laboratory. tose 
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enzyme-dihydroxyacetone complex. (2) The formation of sedoheptulose 
diphosphate which would be split by aldolase (6) to yield dihydroxyacetone 
phosphate and tetrose phosphate. 

In either case, in the experiment with ribose-5-phosphate-1-C™ the triose 
phosphate formed would be expected to contain equal amounts of isotope 
in carbon atoms 1 and 3, since these carbon atoms should be equally 
labeled in the sedoheptulose phosphate. This would not be true for triose 
phosphate which might arise from the first 3 carbon atoms of the hexose 
monophosphate, in which carbon atoms 1 and 3 are found to be unequally 
labeled. 

The pea leaf preparations contained a very active fructose diphospha- 
tase, and in the experiment with 2,3-labeled pentose phosphate the rela- 
tively high proportion of isotope in carbon atoms 3 and 4, compared with 
carbon atom 2, reflects the formation of 3 ,4-labeled hexose monophosphate 
by way of fructose diphosphate. The product formed from 1-labeled pen- 
tose phosphate by this pathway would contain no isotope and the relative 
distribution would be unaffected. 

The recent observations of Calvin and his associates (7) that the phos- 
phate esters of ribulose, sedoheptulose, fructose, and glucose become labeled 
very rapidly during photosynthesis in C“O:, suggest that the pathway 
between pentose phosphate and hexose phosphate is of great importance 
in photosynthesis. The present work demonstrates the existence of mech- 
anisms whereby the carbohydrates formed during photosynthesis in C“Oz, 
initially 3 ,4-labeled, would become labeled in other positions. The rapid 
spread of label in the light is in contrast to the 3 ,4-labeling maintained in 
green leaves kept in the dark (8) and for CO, fixation in the intact rat (9). 
The initial 3 ,4-labeling in illuminated plants, in leaves kept in the dark, 
and in mammalian tissue suggests that the initial fixation of CO: is similar 
in all cases. It is thus apparent that the most striking difference between 
heterotrophic and autotrophic metabolism in regard to C“Os: assimilation 
is the effect of sunlight on the rate at which isotope appears in the 2-carbon 
moiety, which accepts the carbon dioxide. 


The authors wish to acknowledge the invaluable assistance of Mr. Mark 
Denegre and Miss Joan M. Earl. 


SUMMARY 


The conversion of ribose-5-phosphate-1-C™“ or 2,3-C™ to hexose mono- 
phosphate by pea root and pea leaf preparations has been investigated. 

Root preparations converted pentose phosphate-1-C™ into 1 ,3-labeled 
hexose monophosphate, with 70 per cent of the isotope in position 1. Pen- 
tose phosphate-2 ,3-C" was converted by the root extracts into hexose 
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monophosphate with radioactivity in 4 of the 6 carbon atoms. Nearly 
one-half of the total activity appeared in carbon atom 4. Carbon atoms 
2 and 3 were approximately equally labeled, and a small but significant 
amount of activity was found in carbon atom 1. 

The leaf preparations converted pentose phosphate-1-C™“ into hexoge 
monophosphate labeled predominantly in carbon atom 1 (63 per cent) and 
carbon 3 (19 per cent). However, in contrast to results with the root 
extracts, carbon atoms 4 and 6 both contained a substantial amount of 
isotope. Hexose monophosphate formed from pentose phosphate-2 ,3-C™ 
was labeled like the product found with root extracts, except that a sig- 
nificant amount of C“ appeared in carbon atom 5. 

From these isotope data it is concluded that the conversion of pentose 
phosphate into hexose monophosphate by pea root extracts is similar to 
that previously described for rat liver preparations. However, the leaf 
preparations appear to contain an additional mechanism whereby the alde- 
hyde carbon atom of pentose phosphate is incorporated into carbon atoms 
4 and 6 of the hexose monophosphate. 

The formation from 1-labeled pentose phosphate of hexose monophos- 
phate labeled in 4 of the 6 carbon atoms is discussed in relation to the rapid 
formation of uniformly labeled carbohydrates in photosynthesis. 
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PYRUVIC CARBOXYLASE OF ACETOBACTER SUBOXYDANS* 


By TSOO E. KING anp VERNON H. CHELDELIN 


(From the Department of Chemistry and the Science Research Institute, 
Oregon State College, Corvallis, Oregon) 


(Received for publication, November 30, 1953) 


Biochemical decarboxylation of pyruvate can in general occur in two 
ways. Simple a-decarboxylation has been recorded in yeast and plants (1). 
In animals and most bacteria, pyruvate is generally either consumed 
through an oxidative pathway whereby acetaldehyde is not an intermedi- 
ate (2) or converted to acetylmethylearbinol (acetoin) by the carboligase 
system (3, 4). 

Acetaldehyde has been reported as a product of pyruvate fermentation 
by a few bacteria, particularly species of Pseudomonas and Acetobacter (5). 
In Acetobacter suboxydans, pyruvate is oxidized to acetate with a consump- 
tion of 1 atom of oxygen per molecule of the substrate (6,7). Through the 
use of cell-free extracts it has now been shown that pyruvate is first decar- 
boxylated to acetaldehyde and that this compound is in turn oxidized to 
acetate. A. suboxydans is thus one of a relatively few bacteria with a yeast 
type decarboxylation. In this paper, the behavior of this pyruvic car- 
boxylase and its separation from other oxidative enzymes are reported in 
detail. 


EXPERIMENTAL 


The crude cell-free extracts were prepared by grinding the lyophilized 
or fresh cells with alumina as reported previously (7). Removal of pro- 
tein from appropriate reaction mixtures was accomplished with either tri- 
chloroacetic acid or a zine sulfate-sodium hydroxide mixture. Chemical 
analyses were then made on the deproteinized filtrates. Acetate was de- 
termined as total volatile acids by steam distillation (8). Acetaldehyde 
was quantitatively determined by the colorimetric methods of Barker and 
Summerson (9), except that an aliquot of protein-free extract was treated 
twice with copper sulfate and calcium hydroxide instead of once as origi- 
nally described. In a control experiment with a 4:1 mixture of pyruvic 


*A preliminary report was presented before the Nineteenth International Con- 
gress of Physiology, Montreal, Canada, September, 1953. Published with the ap- 
proval of the Monographs Publications Committee, Oregon State College, Research 
paper No. 234, School of Science, Department of Chemistry. This work was sup- 
ported by the Nutrition Foundation, Inc., the Rockefeller Foundation, and the 
Division of Research Grants and Fellowships, National Institutes of Health, United 
States Public Health Service. 
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acid and acetaldehyde, the pyruvic acid contributed less than 0.5 per cent 
of the color. 

The dinitrophenylhydrazone derivatives were prepared by passing an 
air stream through the deproteinized enzyme reaction mixture or the ap- 
proximate corresponding concentration of an authentic aldehyde solution 
into a 2,4-dinitrophenylhydrazine reagent. The precipitated product was 
recrystallized immediately from aqueous alcohol three times. A pyruvic 
acid solution tested under the same conditions did not give any precipi- 
tate. Acetaldehyde solutions were standardized by titration with bisulfite 
(10). Acetoin was determined by the Happold and Spencer modification 
(11) of the Neuberg and Strauss method (12) and also by the creatine- 
sodium carbonate reaction (13). 

Protein was determined by the usual Kjeldahl method or by the biuret 
reaction. Thiamine was determined by microbiological and thiochrome 
methods (14, 15). Manometric determinations were performed at 29° in 
a Warburg apparatus, with corrections for carbon dioxide retention in the 
medium. 

Materials—These were procured as follows: 

Sodium pyruvate was a commercial sample (Schwarz), recrystallized from 
alcohol; it was also prepared from pyruvic acid according to Price and 
Levintow (16). 

a-Ketoglutaric and oxalacetic acids were commercial samples (Krishell 
Laboratories). The purity of the oxalacetate was 96 + 5 per cent as 
judged by decarboxylation with Al,(SO.4)3 (17). 

Diphosphopyridine nucleotide (DPN) was a commercial sample (Pabst), 
of about 80 per cent purity. 

Cocarboxylase was a commercial sample (Delta). The bound thiamine 

‘ assay indicated a purity of 80 per cent. 

Phenyl azlactone was furnished by Dr. E. C. Bubl. This was converted 
to phenylpyruvic acid by hydrolysis (18); m.p. 150-152° (literature value, 
150-154° (18)). 

a-Ketobutyric acid was prepared and furnished by Dr. B. E. Christensen, 
by an unpublished method; m.p. 30° (uncorrected) (literature value, 32° 
(19)). For further evidence on the identity of this compound, see the text. 

Sodium a-ketoisovalerate, a-ketoisocaproate, and a-keto-8-methylvalerate 
were furnished and prepared by Dr. Alton Meister, by deamination of the 
corresponding amino acids (20). 


RESULTS AND DISCUSSION 


Dissimilation of Pyruvic Acid in Crude Cell-Free Extracts 


The oxidation of pyruvate to acetate could be demonstrated in cell-free 
extracts. As shown in Table I, under aerobic conditions 1 mole of CQ; 
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was formed per mole of pyruvate. However, both the oxygen consumed 
and the volatile acids formed were slightly lower than the stoichiometric 
yalues based on the simple conversion of pyruvate to acetate. This dis- 
crepancy was found to be due to the formation of acetoin. The details 
of the latter reaction will be reported elsewhere. 

In the oxidation of pyruvate a short lag period was always observed in 
oxygen consumption, but not in CO, formation. On the other hand, there 
was no lag period in the oxidation of acetaldehyde. This raised the ques- 
tion whether the enzyme followed the scheme of oxidative decarboxylation 
common to most bacteria. The oxidation of pyruvic acid was therefore 


TABLE [| 


Oxidation of Pyruvic Acid in Cell-Free Extracts of A. suboxydans 








Aerobic Anaerobic 








System I System II | System I | System II 





microatoms microatoms 


Oxygen consumed. ... Phstnedien 45 0 

uM uM BM MM 
CO. formed ; 52 50 52 50 
Volatile acid formed “ae 44 5 5 4 
Acetoin formed...... | 5 5 8 8 
Acetaldehyde recovered. . , = 0 30 25 34 





Each flask contained 50 um of pyruvie acid and 0.067 m phosphate buffer; pH 6.0; 
total volume, 3.0 ml. In addition, System I contained 0.3 um of DPN and 10 mg. 
(in terms of protein content) of the crude cell-free extract, and System II contained 


2.8 mg.( in terms of protein) of Fraction A. 


tested in the presence of dimedon. With this reagent, carbon dioxide 
formation proceeded nearly normally, whereas oxygen consumption was 
greatly impaired, as shown in Table II. Dimedon also inhibited the oxi- 
dation of exogenous acetaldehyde to an extent almost paralleling the in- 
hibition of pyruvate oxidation. This observation strengthened the sug- 
gestion of a simple a decarboxylation prior to oxidation in A. suboxydans. 
Accordingly, the reaction was tested under anaerobic conditions. The 
theoretical yield of CO. was obtained (Table I), and the intermediate 
acetaldehyde was recovered as its 2 ,4-dinitrophenylhydrazone; m.p. 165° 
(uncorrected). The melting point of an authentic sample was 164°, and 
the mixed melting point was 164°. The small amount of acetic acid formed 
was probably due to some residual electron transfer coenzymes in the crude 
enzyme extract. The yield of acetoin was slightly higher than that under 
aerobic conditions. 
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Separation and Properties of Pyruvic Carboxylase 


Separation of Pyrwic Carboxylase from Crude Extract—Since the. oxida- 
tion of pyruvate to acetate in A. suboxydans occurred in stepwise fashion, 
an attempt was made to separate the carboxylase from the oxidative en- 
zymes. After a few unsuccessful experiments, this was accomplished by 
a simple acetone precipitation. 

25 ml. of cold acetone were added slowly to 25 ml. of the crude cell-free 
extract at 0-5°. The precipitate thus formed was suspended in 15 ml. of 
water. The insoluble matter was separated by centrifugation. The clear 
supernatant liquid was dialyzed against running distilled water at 5°, 
With some samples a second acetone precipitation was required in order 


TaBLeE II 


Effect of Dimedon on Oxidation of Pyruvate and Acetaldehyde by Crude 
Cell-Free Extract of A. suboxydans 








Pyruvate Acetaldehyde 
Dimedon ee = —_ — ————— 
| CO: formation | Oz consumption O: consumption 
—_ ee ee ae ea — — 
mg | uM microatoms | microatoms 
| 
0 | 62 54 56 
7.4 60 36 33 
22.2 51 | 12 10 





Each flask contained 60 um of substrate, 20 um of MgCle, 0.3 um of DPN, 2 um of 
cocarboxylase, and 10 mg. of enzyme (in terms of protein content) ; 0.067 m phosphate 
buffer, pH 7.0. Total volume, 3.0 ml. Atmosphere, air. 











to remove all oxygen-reacting enzymes. The supernatant solution was 
- designated Fraction A. 

As shown in Table I, Fraction A (System II) produced the theoretical 
amount of CO, from pyruvate under both anaerobic and aerobic conditions. 
No oxygen uptake could be demonstrated even in the presence of added 
DPN (System I). The acetaldehyde formed was determined colorimetri- 
cally (9) and identified as its 2,4-dinitrophenylhydrazone. Added acetal- 
dehyde was not oxidized by Fraction A. 

No attempt was made to purify Fraction A further. However, it was 
precipitable at an acetone concentration of 30 per cent. The precipitate, 
which was called Fraction B, was used for all the experiments described 
below. This fraction occasionally (three out of fourteen experiments) ex- 
hibited a marginal dependence upon Mg** and cocarboxylase. 

Optimal pH—The optimal pH was found to be 6.0, as shown in Fig. 1. 
No special effects were produced by the individual buffers; phosphate, suc- 
cinate, and citrate at about pH 6 gave practically the same rate of CQ: 
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formation throughout the course of the experiment. As expected, the re- 
action was independent of phosphate, as in the case of the simple carboxy]- 
ases from other organisms. 
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Fic. 1. Optimal pH for pyruvic carboxylase activity in A. suborydans. The 
system contained 200 um of buffer, 50 um of pyruvic acid, 10 um of MgCle, 1 um of co- 
carboxylase, and 2 mg. (in terms of protein content) of Fraction B; total volume, 
3.0 ml. 

Fic. 2. The Michaelis constant of A. suborydans pyruvic carboxylase. The 
system contained 10 um of MgCle, 1 um of cocarboxylase, 0.067 m phosphate buffer, 
1.0 mg. (in terms of protein content) of Fraction B, and the indicated amounts of 
pyruvic acid; pH 6.0; volume, 3.0 ml. V is expressed as micromoles per minute (aver- 
age of the first 4 minutes), except at the concentration of 6.68 X 10‘ m (1/s = 1500) 
when the average of the first 2 minutes was taken. s = substrate concentration. 


Thiamine Content of Holoenzyme—The thiamine content of Fraction B, 
which usually did not respond to added cocarboxylase, was found to be 
about 0.05 per cent (based on protein content) by both microbiological 
and thiochrome methods. A provisional “molecular weight” of this frac- 
tion would thus be about 650,000, assuming an equimolar combination 
of cocarboxylase to protein. Since Fraction B was impure, the actual 
molecular weight is probably much lower; thus, it may be calculated that 
the apoenzyme in Fig. 3 possesses at least twice the specific activity of 
Fraction B (Fig. 1). The turnover rate may be seen from Fig. 3 and 
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Separation of Pyruvic Carboxylase from Crude Extract—Since the. oxida- 
tion of pyruvate to acetate in A. suborydans occurred in stepwise fashion, 
an attempt was made to separate the carboxylase from the oxidative en- 
zymes. After a few unsuccessful experiments, this was accomplished by 
a simple acetone precipitation. 

25 ml. of cold acetone were added slowly to 25 ml. of the crude cell-free 
extract at 0-5°. The precipitate thus formed was suspended in 15 ml. of 
water. The insoluble matter was separated by centrifugation. The clear 
supernatant liquid was dialyzed against running distilled water at 5°. 
With some samples a second acetone precipitation was required in order 


TaBLe II 


Effect of Dimedon on Oxidation of Pyruvate and Acetaldehyde by Crude 
Cell-Free Extract of A. suboxydans 
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Each flask contained 60 um of substrate, 20 um of MgCle, 0.3 um of DPN, 2 um of 
cocarboxylase, and 10 mg. of enzyme (in terms of protein content) ; 0.067 m phosphate 
buffer, pH 7.0. Total volume, 3.0 ml. Atmosphere, air. 


to remove all oxygen-reacting enzymes. 
designated Fraction A. 

As shown in Table I, Fraction A (System II) produced the theoretical 
amount of CO, from pyruvate under both anaerobic and aerobic conditions. 
No oxygen uptake could be demonstrated even in the presence of added 
DPN (System I). The acetaldehyde formed was determined colorimetri- 
cally (9) and identified as its 2,4-dinitrophenylhydrazone. Added acetal- 
dehyde was not oxidized by Fraction A. 

No attempt was made to purify Fraction A further. However, it was 
precipitable at an acetone concentration of 30 per cent. The precipitate, 
which was called Fraction B, was used for all the experiments described 
below. This fraction occasionally (three out of fourteen experiments) ex- 
hibited a marginal dependence upon Mg* and cocarboxylase. 

Optimal pH—The optimal pH was found to be 6.0, as shown in Fig. 1. 
No special effects were produced by the individual buffers; phosphate, suc- 
cinate, and citrate at about pH 6 gave practically the same rate of CO, 
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formation throughout the course of the experiment. As expected, the re- 
action was independent of phosphate, as in the case of the simple carboxyl- 
ases from other organisms. 
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Fic. 1. Optimal pH for pyruvic carboxylase activity in A. suborydans. The 
system contained 200 um of buffer, 50 um of pyruvic acid, 10 um of MgCl, 1 uM of co- 


carboxylase,and 2 mg. (in terms of protein content) of Fraction B; total volume, 
3.0 ml. 

Fic. 2. The Michaelis constant of A. suboxydans pyruvic carboxylase. The 
system contained 10 um of MgCle, 1 um of cocarboxylase, 0.067 m phosphate buffer, 
1.0 mg. (in terms of protein content) of Fraction B, and the indicated amounts of 
pyruvic acid; pH 6.0; volume, 3.0 ml. V is expressed as micromoles per minute (aver- 
age of the first 4 minutes), except at the concentration of 6.68 X 10~* m (1/s = 1500) 
when the average of the first 2 minutes was taken. s = substrate concentration. 


Thiamine Content of Holoenzyme—The thiamine content of Fraction B, 
which usually did not respond to added cocarboxylase, was found to be 
about 0.05 per cent (based on protein content) by both microbiological 
and thiochrome methods. A provisional “molecular weight” of this frac- 
tion would thus be about 650,000, assuming an equimolar combination 
of cocarboxylase to protein. Since Fraction B was impure, the actual 
molecular weight is probably much lower; thus, it may be calculated that 
the apoenzyme in Fig. 3 possesses at least twice the specific activity of 
Fraction B (Fig. 1). The turnover rate may be seen from Fig. 3 and 
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from the Vmax. value obtained in Fig. 2 to approximate 150 (moles of CO, 
formed per minute per 100,000 gm. of enzyme). 

Stability—The cocarboxylase activity in the crude extract as well as in 
Fractions A and B was not impaired by heating at 55° for 5 minutes, in- 
cubation at 37° for 10 hours, or storage at —10° for several weeks. How- 
ever, heating for 3 minutes at 80° destroyed all the activity. Lyophiliza- 
tion had no effect on the potency, although the lyophilized crude extract 
did not completely redissolve. 

Michaelis Constant of Enzyme-Substrate Complex—This was determined 
over a substrate concentration range from 6.68 X 10~ to 6.68 X 10° mw. 
The reaction rate remained constant for only 2 to 3 minutes at pyruvate 
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Fic. 3. Reconstructed pyruvic carboxylase of A. suboxydans. The system con- 
tained 50 um of pyruvic acid, 0.067 m phosphate buffer, and 1.0 mg. (in terms of pro- 
tein content) of Fraction C; pH 6.0; total volume, 3.0 ml. 


concentrations below 1.67 X 10-* m, and hence the rate during the first 2 
minutes was used in computation. With the method of Lineweaver and 
Burk (21), K, was found to be approximately 7.4 X 10~‘ mole per liter 
and Vax. to be 1.48 um per minute (see Fig. 2). The Michaelis constant 
of this enzyme is thus much smaller than that of the yeast enzyme (approxi- 
mately 3 X 10- (3)). 

Inhibitors—It has been shown that yeast pyruvic carboxylase contains 
sulfhydryl groups. Sulfhydryl reagents were therefore tested against the 
carboxylase of A. suboxydans. Cut+, Agt, Hg*+, and p-chloromercuri- 
benzoic acid, as shown in Table IIT, were very powerful inhibitors when 
tested with Fraction B. Iodosobenzoie acid, which is considered as 4 
selective oxidizing agent for sulfhydryl, was not as potent as the heavy 
metals. Acetaldehyde was a strong inhibitor of pyruvate breakdown. 
This may be responsible for the rapid retardation of the rate of decomposi- 
tion mentioned above. Formaldehyde showed much less inhibition. 
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Resolution of Pyruvic Carborylase 


Attempts to separate the prosthetic group from carboxylase in Fractions 
A and B by prolonged dialysis at pH 6.0, or by other methods previously 
employed (22, 23), were unsuccessful. However, the following modified 
procedure effectively resolved the enzyme. 

31 ml. of saturated (NH,).SO, solution, which had been adjusted to 
pH 8.4 with ammonium hydroxide, were slowly added to 100 ml. of the 
diluted Fraction A (protein concentration at about 1 mg. per ml.) at 0°. 
The mixture was stored at that temperature for 30 minutes. The precip- 
itate was centrifuged and discarded. 














Tas.e III 
Inhibition of Pyruvic Carbozylase of A. suboxydans 
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ee ey 0.002 50 
EI a eer re | 0.002 10 
>. ere ud ORE , 0.02 65 
NS oo dig \x coe vaboun eae a ek 0.008 | 5 
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The conditions were the same as in Fig. 1, except that 0.067 m phosphate buffer 
was used; pH 6.0. 


To 120 ml. of the clear supernatant solution were slowly added 60 ml. of 
a saturated (NH,).SO, solution at pH 8.4. After standing for 30 minutes 
at 0°, the precipitate was separated by centrifugation and dissolved in 
100 ml. of water. 40 ml. of cold acetone were carefully added to the 
aqueous solution at 0-5°. The precipitate was collected by centrifugation 
and redissolved in about 20 ml. of water. It was dialyzed in a rotating, 
“tilt over” cellophane bag against 0.01 m phosphate buffer at pH 8.4 for 
3 hours at 0°. This was called Fraction C. The preparation could be 
stored in the frozen condition or lyophilized without loss of activity. 

Reconstructed Pyruvic Carboxylase—Fraction C possessed no decarbox- 
ylating power. The activity was, however, restored by the addition of 
Mg and cocarboxylase. The effect of various concentrations of these 
factors is shown in Fig. 3. The optimal requirements of both (about 7.5 





828 PYRUVIC CARBOXYLASE OF A. SUBOXYDANS 


xX 10° m MgCl, and 8 X 10 m cocarboxylase) were much higher in the | samp 
present system than in yeast pyruvic apocarboxylase (23). phen; 

Action of Bivalent Cations Other Than Mg*t—Many Mg*-requiring en- Bo 
zymes can use Mn++ and other bivalent cations. This was also true of the | carbe 
present enzyme. Mgt could be replaced by Co++, Mn+, Zn+*, Cd+, | isals 
Ca*+, and Fe++. Under the conditions tested in Fig. 3 (4 to 5 X 10m), | total 
Co and Mnt* were slightly more effective than Mg**. The activity of | over 
Ca++ and Fe*+ was much lower than that of Mg*+, whereas Bat+ was in. } coulc 











active. tate 
duce 
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Comparison of Substrate Specificity of A. suboxydans and Yeast Pyruvic Carborylase 
Yeast* 
Acid added A. suboxydans 
Kobayasi (24) |Green et al, (23) 
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* Recalculated from the data of Green et al. (23) and Kobayasi (24). A direct 
quantitative comparison is not possible because of differences in test conditions. 
The numbers represent relative rates of decarboxylation compared to the rate with 
pyruvic acid. 


t See Fig. 4. Fy 
The 
Substrate Specificity 

Yeast pyruvic carboxylase can decompose a number of keto acids other ro 
than pyruvate (23, 24). In contrast, the enzyme from A. suboxrydans did It t 
not attack a-ketoglutarate, phenyl pyruvate, a-ketoisovalerate, a-ketoiso- ion 
caproate, or a-keto-$-methyl valerate. As shown in Table IV, the present ae 
preparation was apparently more specific in its activity than the yeast A 
preparations of Green et al. (23), which were judged to be highly purified. way 
Fraction B decarboxylated a-ketobutyrate to give 1 mole of CO, per inte 
mole of the substrate. The initial rate was 75 per cent of that of pyruvate to { 
decarboxylation. A boiled sample of Fraction B did not attack a-keto- ons 
butyric acid. The product was identified as propionaldehyde by its 2,4 pee 
dinitrophenylhydrazone, m.p. 156°.1_ The melting point of an authentic | — 
ever 

1 One sample of the 2,4-dinitrophenylhydrazone of the enzymatic decarboxylation dini 
product melted at 128-131°, even after three recrystallizations from alcohol. How- The 
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sample was 154°, and the mixed melting point was 156°. The 2,4-dinitro- 
phenylhydrazone of the starting material melted at 202-204°. 

Both Green et al. (23) and Kobayasi (24) have reported significant de- 
carboxylation of oxalacetate by yeast pyruvic carboxylase. Oxalacetate 
is also decomposed by A. suboxydans carboxylase, as is seen in Fig. 4. The 
total yield of CO, was about two-thirds that from pyruvate breakdown 
over the first 15 minutes (Curve B). Much of this yield, but not all, 
could be expected from the non-enzymatic decarboxylation of oxalace- 
tate in Curve C, followed by further breakdown of the pyruvate pro- 
duced. However, the CO. produced in Curve B should hardly be ex- 
pected to exceed twice that in Curve C, even in view of the removal of 
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Fig. 4. Decarboxylation of oxalacetate by pyruvic carboxylase in A. suboxydans. 
The conditions were the same as in Table III. 


pyruvate and possible further enhancement of the non-enzymatic de- 
carboxylation. This is particularly evident during the first few minutes. 
It therefore appears that some decarboxylation of oxalacetate per se oc- 
curred with the present pyruvate enzyme. Whether this was an a or 8 
decarboxylation (1) cannot be told from the data at hand. 

Although the present study does not provide proof of the normal path- 
way of pyruvate oxidation in A. suboxydans, it strongly suggests that in the 
intact cells the oxidation proceeds through a preliminary decarboxylation 
to form free acetaldehyde as an intermediate. This behavior is unusual 
among bacteria; the principal examples are Acetobacter species and related 
pseudomonads, e.g. Pseudomonas lindneri (5, 25). In A. suboxydans, this 





ever, the N content (Dumas method) agreed with the calculated value of 2,4- 
dinitrophenylhydrazone of propionaldehyde (found, 23.50 percent; calculated, 23.53). 
The reason for the lower melting point is unknown. 
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may likely be associated with the failure to form acetyl phosphate or acetyl 
CoA, or to otherwise metabolize acetate. 


SUMMARY 


Pyruvate oxidation in cell-free extracts of Acetobacter suboxydans has 
been shown to consist of a preliminary decarboxylation step, followed by 
oxidation. The decarboxylation product is free acetaldehyde. Acetoin 
is also formed in small amounts. 

Pyruvic carboxylase has been separated from the oxidative enzymes. 
The turnover rate of the purest fractions prepared was above 150 (moles 
of CO, per minute per 100,000 gm. of enzyme). Such preparations readily 
catalyzed the breakdown of a-ketobutyrate and were slightly active upon 
oxalacetate. However, they had no effect upon a-ketoglutarate, a-keto- 
isovalerate, a-ketoisocaproate, a-keto-8-methyl valerate, or phenyl pyr- 
vate. 


The enzyme has been successfully resolved to reveal a dependence upon 
cocarboxylase and Mgt or other divalent ions. 


The technical assistance of Marion MacDonald and Gwendolyn C. Ca- 
hill is gratefully acknowledged, as well as the kindness of Dr. C. A. Storvick 
and her associates in performing the thiamine determinations. 
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ADENOSINETRIPHOSPHATASE SYSTEMS OF MUSCLE 


III. A SURVEY OF THE ADENOSINETRIPHOSPHATASE 
ACTIVITY OF MYOSIN* 


By W. F. H. M. MOMMAERTSt anv IRVING GREENf 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, August 10, 1953) 


While the adenosinetriphosphatase (ATPase) activity of myosin has 
been extensively investigated (see (5, 10)), sufficient discrepancies remain 
to warrant further inquiries. We are reporting herein a general survey of 
the properties of this enzyme, showing the profound effect of various 
cationic components of the electrolyte medium. The use of an electro- 
titrimetric method (3) not only made it possible to obtain more accurate 
and extensive data than would have been practical otherwise, but also 
enabled us to study the electrolyte effects without complications due to 
buffer ions which frequently enter into the interpretation of enzyme studies. 

This work applies to pure myosin exclusively. More complex systems 
will be studied in the future. 


EXPERIMENTAL 
Methods 


Myosin was obtained with the method described previously by Green 
et al. (2) as the preparation of myosin “by dilution.” ATPase activity 
was determined titrimetrically (3) at 27.5°. Adenosinetriphosphate (ATP) 
was procured as the K salt or Ba salt and treated as described before. 
When necessary, it was converted to the Na salt by means of Dowex 50. 


Stability of Myosin ATPase 


It was found that highly purified myosin is extremely unstable with 
respect to its ATPase activity. This can reveal itself by a loss of activity 


*Part of a thesis submitted by Irving Green to the Graduate School of Duke 
University in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy. This investigation was supported by research grant No. H-229 from 
the National Heart Institute of the National Institutes of Health, United States 
Public Health Service. 

t This work was done during tenure of an Established Investigatorship of the 
American Heart Association. Present address, Department of Biochemistry, School 
of Medicine, Western Reserve University, Cleveland, Ohio. 

t Predoctoral Fellow of the United States Public Health Service. 
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during storage, as well as by a rapid decline of the velocity during the 
course of certain assays. In view of the latter type of instability, it was 
desirable to work at 27.5° instead of at physiological temperature. 

With respect to the decay during storage, we have extensively studied 
the effect of protein concentration. This was done by keeping myosin at 
about 4° in 0.5 mM KCl at pH 7.0. Possible protective or destructive effects 
of the addition of bivalent ions during storage were not investigated, since 
it was intended to assay the ATPase activity in the absence as well as in 
the presence of such ions. The choice of pH was arbitrary. To sum- 
marize a large body of observations, it may be said that myosin solutions 
are the more stable the higher the protein concentration. 

It is remarkable, however, that the decay of enzymatic activity does not 
reveal itself equally under different assay conditions. Thus, it was found 
that in a 1.4 per cent myosin solution in 0.5 m KCl the ATPase activity 
was nearly stable at 4° for 6 days or more when determined at pH 6.45 
without Ca** or at pH 8.9 with CaCl, (0.004.m), but declined markedly 
during the first few days when tested at pH 6.45 with CaCl, (0.04 m) or 
at pH 8.9 without calcium (see Figs. 6 and 7). Hence it seems that myosin 
has a relatively constant activity at the acid optimum or at neutral reac- 
tion without, and at pH 9 with, Ca**, but that its activation by Cat at 
the acid optimum as well as its activity at pH 9 without Ca** is a labile 
property. A fresh preparation (1.2 per cent stock solution tested the day 
after crystallization) investigated in 0.15 m KCl showed a pH-activity 
curve with two optima (Fig. 6), whereas the same protein after 7 days 
preservation revealed a low activity independent of pH (between 6.3 and 
9.7) and equal to the activity of the original preparation at its pH mini- 
mum (7.3). Such profound alterations are, no doubt, the basis of many 
of the discrepancies still present in the literature. 

Lability may further show itself by destruction of the enzyme during 
the incubation period prior to the addition of ATP. At 27.5° these effects 
are generally not appreciable if the incubation period is not more than 5 
minutes, except at strongly alkaline reaction. Above pH 10, the activity 
is completely destroyed during this preincubation. 

In view of these facts, we have always worked with myosin solutions 
kept in a concentration of 1.2 per cent or more, and all observations have 
been made on the day after crystallization (unless otherwise specified). 
For special purposes, still more stringent precautions were taken,! but for 
the present work these were not necessary. 


Effects of Some Cations 


Selection of pH—Myosin ATPase has, in general, a true optimum at pH 
6.4, a minimum at about pH 7.3, and an increasing activity at high pH 


1 Mommaerts, W. F. H. M., and Green, I., unpublished work. 
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which reaches an apparent optimum at pH 9 or higher. Salt effects were 
studied at the optimal or minimal pH values, as specified. 
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Fig. 1. Effect of KCl (O) and of NaCl (O) upon the hydrolysis of ATP by myo- 
sin. Reaction mixture, 25 ml. containing 8.4 um of ATP and 3.9 mg. of myosin. 
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Fig. 2. Potassium-sodium antagonism. Reaction rates measured as in Fig. 1; 


0.15 m NaCl, with varying KCl concentration (QO), or 0.15 m KCl with varying 
NaCl concentration (O). 


Potassium and Sodium Chlorides—In the absence of other salts, there is 
a K+ optimum at 0.20 to 0.25 m (Fig. 1). The effect of NaCl is less pro- 
nounced and has not been investigated extensively. When NaCl and KCl 
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are added together, NaCl acts as an inhibitor at concentrations at which 
this salt alone has no such effect, while KCl reaches a low optimum at 
higher concentrations than in the absence of Nat (Fig. 2). However, pro- 
nounced inhibitory effects of Na+ appear only at concentrations higher 
than can be assumed to occur in the interior of muscle. 

Activation by CaCl:—The effect of Ca++ has been investigated? at two 
pH values (Fig. 3) in the presence of 0.15 m KCl. At the physiological 
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Fig. 3. Effect of CaCl: upon the ATPase activity in 0.15 m KCl at pH 6.4 (0) 


and pH 9.0 (0). Reaction mixture, 25 ml. containing 8.0 um of ATP and 1.7 mg. of 
myosin. 








pH optimum the optimal Ca** concentration is about 0.04 M; at pH 9 it is 
of the order of 0.001 m. 

Effect of CaCl, upon Activation by KCl (Fig. 4)—The difference in the 
optimal CaCl, concentrations at the two pH values studied is maintained 
at different KCl concentrations. In the presence of either of these CaCl, 
concentrations, the KCl optimum is lowered to about 0.08 m at both pH 
values. 

Inhibition by MgCl: (Fig. 5)—Both at pH 6.4 and 9.2, at approximately 


? At an early stage of the work, when the application of the electrotitrimetric 
method was not yet entirely mastered, the impression was obtained that the activat- 
ing and inhibiting effects of Cat* or Mg*+ did not develop instantaneously (6). 
Further work has not corroborated these results. 
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the optimal CaCl, concentrations for these pH values, the inhibition by 
MgCl, is extremely pronounced and about equal for both cases. The ac- 
tivity is reduced to one-half by an amount of Mg*t* about 0.04 to 0.05 
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Fic. 4. Effect of varying KCl concentration in the presence of constant amounts 
of CaCle. Left-hand section, 0.04 m CaCl,; right-hand, 0.004 m CaCl». Experiments 
at pH 6.4 (O) and 9.2 (C). Reaction mixture, 25 ml. containing 8.0 um of ATP and 
2.2 mg. of myosin. 
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Fic. 5. Calcium-magnesium antagonism. Relative reaction rate as a function of 
the Cat*: Mg** ratio. Reaction mixture, 25 ml. containing 8.0 um of ATP and 2.5 
mg. of myosin; 0.15 m KCl; pH 6.4 (O) and 9.2 (A). 


times the Ca++ concentration, and at a Mg*+:Ca*+* ratio of 0.5 or more 
the activity is reduced to about 5 per cent at pH 6.4, to 2 per cent at pH 
9.2. The residual absolute activity with Mgt is but little dependent on 
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pH (Fig. 7), and hence the relative inhibition is least pronounced at the 
pH minimum, most pronounced at the optima. 


Effect of pH 


A number of pH-activity curves, all applying to a basic KCl concentra- 
tion of 0.15 M, are represented in Figs. 6 and 7. Several aspects of these 
results will be discussed seriatim. 
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Fig. 6. Effect of pH on ATPase activity in 0.15 m KCl. Reaction mixture, 25 
ml: with 8.3 um of ATP, and 3.6 mg. of myosin. Fresh myosin (©) and the same 
preparation after 7 days (A). 


Potassium Chloride (Fig. 6)—Without bivalent ions, the pH optimum in 
the physiological range, about 6.4, is not pronounced. Considerable ac- 
tivation occurs at increasing alkalinity, with an abrupt decline above pH 
9.6. Since this apparent optimum is displaced to lower values upon more 
prolonged incubation of the enzyme at the experimental temperature be- 
fore the addition of substrate, and since the activity shows a considerable 
decline during each run at high pH values, we consider, as before (9), that 
the optimum is only apparent, and that, without inactivation of the en- 
zyme, the activity would continue to increase with rising alkalinity. 

The activity of the enzyme in 0.15 m KCl at pH 9 to 9.8 is a labile prop- 
erty of the enzyme which undergoes marked inactivation upon aging (Fig. 
6). An aged preparation, however, can still be activated at pH 9.5 by 
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Ca*+ to a considerable extent. At pH 6.4, the activity decreases but little 
as a result of aging. 

Effect of CaCl, (Fig. 7)—The addition of Ca** causes strong activation 
at the physiological pH optimum, with a Ca** optimum of about 0.04 m 
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Fic. 7. Effect of pH on ATPase activity in 0.15 m KCl in the presence of bivalent 
ions. Reaction mixture, 25 ml. with 8.3 um of ATP and variable myosin concentra- 
tion. Myosin 1 day after crystallization, unless otherwise specified. 0.004 m CaCl, 
(@); same, myosin 2 days old (W); 0.04 m CaCle (O); same, myosin 2 days old (2); 
0.004 m CaCl: plus 0.001 m MgCl. (A); 0.004 m CaCl: plus 0.01 m MgCl. (W); 0.04 m 
CaCl, plus 0.01 m MgCle, myosin 2 days old (V). 


(see also Fig. 3). This specific activation (unlike that in the alkaline pH 
range) declines with the aging of the myosin preparation, but throughout 
the variations of Ca++ concentration or the decay of the enzyme the situa- 
tion of the optimum remains constant within the limits of accuracy (pH 
6.3 to 6.5).3 At high pH, e.g. 9.0, the activation by Ca** does not reach 


*The accuracy of the electrotitrimetric method decreases markedly below pH 
6.5 (3). 
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the same relative level as at pH 6.4 (see also Fig. 3); the Ca** concentra- 
tion which is optimal at pH 6.4 is actually inhibitory in the alkaline range 
(see Figs. 3 and 7). 

Maximal Activity—By comparing the activities of the 1 and 2 day-old 
preparations (Fig. 7), one can estimate that the activity of fresh myosin 
at pH 6.4 and at the optimal CaCl, concentration (0.04 m) amounts to a 
splitting of the order of 5 um of ATP per minute per mg. of myosin at a 
substrate concentration of 0.34 X 107% m at 27°. 

Effect of MgCl.—The inhibitory effect of Mg** as a function of pH (Fig. 
7) has already been discussed in an earlier section. In general, it appears 
to be the more pronounced the higher the original activity. 


DISCUSSION 


The present work is a further development of earlier observations on the 
effect of the ionic medium upon myosin ATPase (9). The possible mecha- 
nism of some of these ion effects will be discussed in a subsequent paper 
in the light of a kinetic analysis. 

The more complete data on the pH-dependence now available lead to 
the view that different reaction mechanisms are operative in the acid 
(physiological) and the alkaline range. In the former, nothing contradicts 
the assumption that a true pH optimum is involved; its maximal mani- 
festation requires a high concentration of Ca++ and is a labile property of 
myosin, markedly declining on storage. With respect to the activity in 
alkaline media we confirm our earlier conclusion (9) that this activity would 
continue to increase with increasing pH were it not for destruction of the 
enzyme. By rapid work at 27° (instead of 37°) we have now shifted the 
“optimum” to above pH 10 (Fig. 7), as compared to pH 9.2 (9). It ap- 
pears obvious to ascribe this high rate of activity to the participation of 
OH ions instead of water in the splitting reaction. Ouellet ef al. (11), who 
have previously drawn this conclusion, have sought to support it by plot- 
ting our earlier results (9) as a function of [OH-]; we doubt whether these 
were sufficiently accurate, but treatment of our present data in this manner 
(Fig. 8) gives a linear dependence of the reaction rate on the hydroxy] ion 
concentration. We are, nevertheless, not convinced that this rectilinear 
plot provides the desired proof, since the assumption would be implied 
that the catalytic activity of the enzyme remained constant when the pH 
is varied between 7 and 9. The participation of OH- remains therefore 
an attractive but unproved assumption. 

We have repeatedly represented the standpoint that the ATPase activity 
of myosin may be only a reflection of a more fundamental biochemical 
activity of this protein; viz., to cause, or to participate in, transformations 
of ATP coupled with mechano-chemical phenomena in a macromolecular 
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structure (5, 6, 8,13). The behavior of isolated myosin would then only 
constitute a residual activity, in which water or hydroxyl ions replace the 
physiological reactant. Obviously, the absolute speed, as well as the ion- 
dependence, of this residual ATPase activity may be totally unrelated to 
the characteristics of the physiological mode of ATP utilization. 











MICROMOLES ATP HYDROLYZED PER MINUTE PER ENZYME 
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Fig. 8. Dependence of ATPase activity in 0.15 m KCl and 0.004 m CaCl, upon the 
hydroxyl ion concentration. Data from Fig. 7. 


It is, nevertheless, of interest to compare the ATPase activity of isolated 
myosin with some of the physiological requirements, in view of the higher 
enzymatic activities now obtained. Our estimated maximal activity at 
pH 6.4, viz. 5 X 10-* mole per minute per mg. of protein at 27°, may be 
taken to correspond to at least twice that value, 10—° mole, at physiological 
temperature. This represents a Qp of about 15,000, identical with the 
best value hitherto recorded at high pH (Polis and Meyerhof (12)). In 
muscle containing 100 mg. of myosin per gm. the ATPase activity would 
amount to 10-* mole of ATP split per minute per gm. of muscle, which is 
about the physiological rate of breakdown in average cases (5). Yet, it 
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would be fallacious to conclude that myosin ATPase, as studied in this 
work, accounts for the physiological events, as has recently been done (4). 
On the one hand, recent estimates (Conway and Fearon (1)) suggest a 
pH value of 6.0 for the interior of the fiber, which by itself would nearly 
abolish the ATPase activity. Further, a Ca** concentration of 0.04, as 
required for high activity, is entirely out of the question, whereas, on the 
contrary, a high concentration of Mg**, as present in muscle, would cause 
strong inhibition. The enzymatic activity of isolated myosin ATPase, 
therefore, remains insufficient to explain the physiological utilization of 
ATP. Whether the mere combination with actin or the incorporation in 
a fibrous structure will greatly alter this conclusion will be considered in 
further work. We believe, however, that the involvement of myosin is of 
such a nature that its ATPase activity by itself will receive less emphasis, 
especially since direct hydrolysis would merely contribute heat, without 
direct transfer of energy to the contractile structure. As an example of a 
more intimate participation of ATP in molecular phenomena, we refer to 
its stoichiometric rdéle in the polymerization of actin, which quantitatively 
accounts for its breakdown in a single contractile event (7). 


SUMMARY 


The enzymatic activity of myosin ATPase has been measured in different 
ionic media. 

There is a sharp optimum at pH 6.4, at which point the activity is in- 
creased by high concentrations of Cat* and rapidly deteriorates upon 
aging. There is no true alkaline optimum, but the activity increases 
sharply at alkaline reaction and is, at optimal Ca++, proportional to the 
hydroxyl ion concentration. Mg** inhibits under all circumstances. 

‘Some restrictions concerning the physiological meaning of “myosin 
ATPase” are made. 
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THE USE OF PYROPHOSPHATE BUFFER FOR THE 
MANOMETRIC ASSAY OF XANTHINE OXIDASE 


By S. B. DHUNGAT anv A. SREENIVASAN 
(From the Department of Chemical Technology, University of Bombay, Bombay, India) 


(Received for publication, September 29, 1953) 


Methods for the determination of xanthine oxidase (XO) activity in- 
clude (a) study of the reduction of suitable hydrogen acceptors such as 
oxygen (1), methylene blue (2), and cytochrome c (3), and (b) study of the 
disappearence of substrate (4) or the appearance of the end-product, uric 
acid (5). The manometric procedure has, however, been the method of 
choice, but is limited in its application to the determination of liver XO 
activity owing to the high rate of oxygen consumption in the absence of 
substrate. In the method of Axelrod and Elvehjem (1) this endogenous 
respiration is largely suppressed by incubating the liver homogenate for 40 
minutes prior to tipping in xanthine. However, in many experiments a 
large endogenous respiration is encountered which entails incubation for 
longer periods before linear oxidation of xanthine substrate is attained. 
Also, with protein-depleted animals, the method gives some anomalous re- 
sults, a number of ‘‘zero” livers being found. This is attributed to the 
inhibitory effect of an excess of substrate on the small amount of enzyme 
already saturated with endogenous substrate. Removal of the endogenous 
substrate from the homogenate by dialysis gives positive XO activity in 
these cases. 

It has been suggested that the respiration in the endogenous flask could 
be suppressed by addition of 6-pteridylaldehyde, which specifically inhibits 
XO, but in tissue homogenates with small XO activity this inhibitor inter- 
feres with other enzyme systems as well (6). Dixon and Elliott (7) have 
reported that pyrophosphate (PP) inhibits endogenous respiration and has 
no effect on the reduction of methylene blue by the XO system. 

In the course of our studies on the elaboration in vitro of XO activity 
in liver slices (8), we had observed that PP buffer at pH 8.6 effectively 
inhibited endogenous respiration without any effect on xanthine oxidation, 
which was the same as at pH 7.4 when phosphate buffer was employed. 
The observations were extended and confirmed with a purified liver enzyme 
(9), with milk XO (10), and with rat livers of varying XO activity produced 
by dietary means. Activities were also compared by study of xanthine 
disappearance with both buffers. 

845 
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EXPERIMENTAL 


Methods—The liver was removed from a decapitated adult rat and chilled 
in cracked ice. A portion of the liver was weighed and immediately ho- 
mogenized in a chilled glass homogenizer with 5 volumes of cold glass- 
distilled water. For the determination of xanthine oxidation 1 ml. of the 
homogenate containing 160 mg. of the tissue was added to the main com- 
partment of a Warburg flask containing 1 ml. of either phosphate buffer 
(0.015 m), pH 7.4, or PP buffer (0.015 m), pH 8.6, unless otherwise specified. 
In the side arm was placed 1 ml. of sodium xanthate solution equivalent 
to 1 mg. of xanthine adjusted to the appropriate pH. The center well 
contained 0.2 ml. of a 10 per cent solution of KOH, making the total fluid 
volume 3.2 ml. Oxygen uptake was measured manometrically at 37° with 
air as the gas phase. The xanthine solution was tipped in either after an 
equilibration period of 10 minutes or after incubation of the flasks in the 
manometric bath for 40 minutes (1). Readings were taken every 20 min- 
utes for 2 hours. In every experiment, correction for oxygen consumption 
in the absence of added xanthine was effected so as to obtain the true 
rate of xanthine oxidation. The values reported in this paper do not al- 
ways represent XO activity, which is usually calculated only when the 
oxidation rate for added xanthine becomes linear (1). 

Uricase activity was followed by the same procedure that was used for 
XO. The side arm contained lithium urate equivalent to 1 mg. of uric acid. 

Residual xanthine was determined after precipitation of the proteins from 
the reaction mixture by addition of 1 ml. of a 10 per cent solution of sodium 
tungstate and 1 ml. of 0.66 n H.SO, to every 3 ml. The resulting mixture 
was centrifuged and xanthine determined in the clear supernatant fluid by 
the method of Williams (11). 


Results 


Effect of PP Buffer on Endogenous Respiration—PP buffer markedly de- 
creased the endogenous respiration of rat liver homogenate, which nearly 
reached completion within 20 to 30 minutes (Table I). With phosphate 
buffer this endogenous uptake was large and continued even up to 100 
minutes. The rate during the first 20 minutes was the same in both cases. 

When phosphate buffer of pH 8.6 instead of pH 7.4 was employed, the 
endogenous rate decreased slightly, but not as much as with PP; this sug- 
gests an effect by PP ions on endogenous respiration. PP in a final con- 
centration of 0.005 to 0.0005 m had the same inhibitory effect. That this 
effect was due to PP and not merely to pH was also ascertained by studying 
the endogenous respiration at pH 8.6 with Sgrensen borate buffer, Krebs- 
Ringer-bicarbonate buffer, and tris(hydroxymethyl)aminomethane buffer 











(Sigt 
suita 


the | 
(Tak 
mog' 
the { 
shov 
was 
cord 





live 
bufl 
of | 
par. 
thir 
wit! 


blu 
wit 


nit 
enc 
of | 


by 





lled 
ho- 
USS- 
the 
m- 
ffer 
ied. 
ent 
vell 
uid 
rith 


the 
1in- 
ion 
rue 

al- 
the 


for 
cid. 
‘om 
um 
ure 


de- 
urly 
ate 
100 
ses. 
the 
ug- 
‘on- 
this 
‘ing 
»bs- 
ffer 








XUM 


S. B. DHUNGAT AND A. SREENIVASAN 847 


(Sigma). PP at pH 7.4 also inhibited endogenous respiration, but was not 
suitable owing to its low buffering action. 

Effect of PP on Xanthine Oxidation—The total oxygen consumption in 
the presence of substrate was the same with both phosphate and PP buffers 
(Table I). Tipping in xanthine after 40 minutes incubation of the ho- 
mogenate also gave the same rate, though the endogenous respiration in 
the flask containing PP was nearly dissipated (Fig. 1). These observations 
show that PP buffer of pH 8.6 has no effect on xanthine oxidation. This 
was also ascertained with an XO preparation from liver precipitated ac- 
cording to Richert et al. (9) (Table I). 


TaBLeE I 
Effect of PP Buffer on Endogenous Respiration and Oxidation of Xanthine 
The results are in microliters of O2 per hour. 














Endogenous Total O2 uptake in presence of 
respiration xanthine 
| Phosphate PP buffer, Phosphate PP buffer, 
| buffer, pH 7.4 pH 8.6* buffer, pH 7.4 pH 8.6 
Liver homogenate, 1 ml. = 160 | 70 46 72 72 
mg. tissue 89 48 97 99 
82 43 116 116 
| 84 40 94 95 
Precipitated enzymet = 160 | 0 0 51 51 
mg. tissue | 9 7 60 60 











* Endogenous respiration dissipated after 20 to 30 minutes. 
+ Richert et al. (9). 


Effect of PP on Xanthine Oxidation by Various Rat Organs—Besides 
liver, the spleen, kidney, lung, and intestine were studied with the two 
buffers and after an initial 10 minute equilibration (Table II). In the case 
of lung, spleen, and intestinal homogenates, endogenous uptake was com- 
paratively small and did not therefore affect the oxidation of added xan- 
thine, as with liver. PP decreased the endogenous uptake considerably 
with all tissues. With kidney homogenate, there was no oxidation of 
added xanthine in the absence of methylene blue. Addition of methylene 
blue resulted in a total oxygen uptake which was again essentially the same 
with the two buffers. ‘ 

When the livers from rats which were protein-depleted by feeding a 
nitrogen-free ration (8) were employed for xanthine oxidation in the pres- 
ence of phosphate buffer, they showed activities ranging from 0 to 260 ul. 
of O2 per gm. of dry liver in 2 hours. These “zero” livers when assayed 
by using PP buffer gave values for xanthine oxidation during 2 hours 
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ranging from 300 to 500 ul. of Oz. Typical results are included in Table 
II. The cause of “zero” livers is attributable to the inhibitory effect of 
the added substrate on the small amount of enzyme already saturated 
with endogenous substrate. Use of PP buffer removes the anomaly of 
“zero” livers. 
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Fic. 1. Effect of incubation of liver homogenate for 40 minutes prior to tipping 
in xanthine on endogenous respiration and oxidation of xanthine. Curve A, endoge- 
nous with PP buffer of pH 8.6; Curve B, endogenous with phosphate buffer of pH 
7.4; Curve C, oxygen uptake in the presence of xanthine with phosphate buffer, pH 
7.4, or PP buffer, pH 8.6. 


The inhibition of endogenous respiration by pteridine aldehyde, a specific 
inhibitor of XO (12), shows that much of the endogenous respiration is due 
to XO. This indicates that the values obtained by the method of Axelrod 
and Elvehjem (1) are minimal. 

Effect of Tissue and Substrate Variations on Enzyme Activity—Oxidation 
of xanthine was followed with liver homogenate varying in amount from 
50 to 300 mg. of tissue per flask, and it was observed that oxidation was 
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ble not a function of the quantity of enzyme used, provided the xanthine 
; of concentration was proportionally adjusted. Use of 100 to 300 mg. of tis- 
ted sue per flask caused no variation in oxidation with 1 mg. of xanthine as 
of substrate. Substrate inhibition at high concentrations is known. 

Study of Disappearance of Xanthine—From determinations of residual 
xanthine in the reaction mixtures with phosphate and PP buffers, it was 


TaBLeE II 
Endogenous Respiration and Xanthine Oxidation by Rat Organs 
The results are in microliters of O2 per gm. of dry tissue per 2 hours. 











| Endogenous respiration Xanthine oxidation* 
Phosphate PP buffer, Phosphate PP buffer, 

buffer, pH 7.4 pH 8.6 buffer, pH 7.4 pH 8.6 

Normal rat liver 2000 800 550 1800 

2360 950 700 2100 

Protein-depleted rat liver 1200 600 0 460 

1050 520 0 500 

1600 780 260 800 

Rat kidneyt 1000 400 500 1115 

1040 415 460 1080 

‘* intestinet 200 160 1020 1030 

180 145 1230 1200 

“ lung 340 100 1680 1700 

280 85 1080 1100 

«spleen 325 35 1300 1250 

440 48 1985 2062 

















* These figures represent the total oxygen uptake over the stated time interval 
and are not necessarily identical with figures which represent xanthine oxidase ac- 
tivity. 

t In these determinations 0.2 ml. of 0.015 m methylene blue was added to each of 

| the reaction vessels. 
oping t Intestinal XO was determined for 30 minutes (13). 
doge- 


f pH | observed that disappearance of added xanthine was greater in the latter 





r, pH case. The rate of disappearance was, however, nearly the same at both 

pH values (Fig. 2). This meant that oxidizable purine substrates were 
ecific being produced in the homogenates with phosphate buffer as fast as they 
siti were oxidized during the first 60 to 80 minutes. With PP buffer such 


peer endogenous substrates were produced to a lesser extent. There was fair 
agreement between the results for xanthine disappearance and oxygen up- 
thai take as measured manometrically. ; 

name The values obtained with the use of PP buffer of pH 8.6 are maximal 
igi and true, since (a) the endogenous respiration is minimal, and (6) inhibition 
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of the endogenous uptake is not due to the action of PP on XO activity, 
but to the formation of endogenous oxidizable substrates. 

Effect of PP on Uricase Activity—A 20 to 25 per cent inhibition of the 
uricase activity of rat liver homogenate: was observed with PP buffer. 
However, the oxidation of lithium urate was much faster than that of 
xanthine and in no way limited xanthine oxidation. 





MGS. XANTHINE IN SYSTEM 











1 i i 


30 60 90 120 
TIME IN MINUTES 


Fic. 2. Disappearance of added xanthine from liver homogenate. Curve A, 
liver homogenate with (0.015 m) PP buffer, pH 8.6; Curve B, liver homogenate with 
(0.015 m) phosphate buffer, pH 7.4. 





DISCUSSION 


Ordinarily, in calculating xanthine oxidase activity, the values for en- 
dogenous oxygen uptake are subtracted from the values for uptake in 
presence of added xanthine. The resulting differences are then plotted 
against time, and the activity is obtained from that portion of the curve 
which is nearest a straight line (1). It may be inferred from Fig. 1 that 
such a difference curve with PP buffer (Curve C minus Curve A) would 
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ty, give a straight line after 60 minutes. With phosphate buffer, on the 
other hand, the difference curve (Curve C minus Curve B) would give 


the a straight line only after 140 minutes. The xanthine oxidase activities thus 
fer. obtained would be approximately the same with either buffer. Thus, the 
of course of xanthine oxidation during 1 hour is a true picture of xanthine 


oxidase activity when PP buffer is employed, whereas with phosphate 
buffer the oxidation has to be continued for 2 hours or longer, when only 
the endogenous uptake levels off. With abnormal livers, as in protein- 
depleted animals, high endogenous uptakes may result in the loss of co- 
factors needed for xanthine oxidation and hence lead to “zero” livers. 


SUMMARY 


1. Pyrophosphate inhibits the endogenous respiration of rat liver homo- 
genate. It has no effect on xanthine oxidase. 

2. Oxidation of xanthine has been followed by a manometric method 
with pyrophosphate buffer of pH 8.6. Results in good agreement with the 
values for xanthine disappearance are obtained. 
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A MICROCOLORIMETRIC DETERMINATION OF CREATINE 
IN URINE BY THE JAFFE REACTION* 


By HERTHA H. TAUSSKY 
Wirn THE TECHNICAL ASSISTANCE OF GLORIA KURZMANN 


(From the Russell Sage Institute of Pathology, Department of Medicine, 
Cornell University Medical College, and The New York Hospital, 
New York, New York) 


(Received for publication, January 7, 1954) 


In 1945, a method was described by Bonsnes and the writer (1) for the 
determination of urinary creatine which involved only the addition of 
picric acid to dilute urine solutions and heating in a boiling water bath. 
An 80 per cent conversion of creatine to creatinine was obtained. The 
method has now been modified to achieve 100 per cent conversion, on the 
basis of Clark and Thompson’s recent studies (2) on the effect of pH on 
the quantitative conversion of creatine to creatinine. They have shown 
that 80 per cent of creatine is converted at pH 1, 85 per cent at pH 1.5, 
98 to 100 per cent at pH 2 to 2.5, and that with increasing pH the per cent 
conversion is considerably decreased, falling below 50 per cent at pH 4.5. 
In the light of Clark and Thompson’s observations, the pH at the start 
and finish of the heating procedure employed in the original method of 
Bonsnes and Taussky was reinvestigated. It was found to be slightly 
more acid than requisite to achieve complete conversion of creatine to 
creatinine. By increasing the initial total volume it was possible to obtain 
a mixture of the appropriate pH range for complete conversion. Optimal 
conditions were established for the quantitative conversion of 10 to 80 y of 
creatine, a convenient range for a wide variety of urine concentrations. 
Under these experimental conditions glucose, which normally interferes 
with the determination of creatine by the Benedict method (3) does not 
do so in amounts up to 60 gm. per liter of urine. Preliminary reaction of 
the urine with iodine was introduced to eliminate the interference of ace- 
tone, acetoacetic ester, and ascorbic acid. 


EXPERIMENTAL 
Reagents— 
Creatinine stock solution. Creatinine is dried at 105° to constant weight. 
* Presented before the 124th meeting of the American Chemical Society, Chicago, 
September, 1953. This investigation was supported by a research grant (No. A-9) 


from the National Institute of Arthritis and Metabolic Diseases of the National 
Institutes of Health, United States Public Health Service. 
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0.500 gm. of creatinine is dissolved and diluted to 1 liter with 0.1 N hydro- 
chloric acid. This solution contains 500 y of creatinine per cc. 

Creatine stock solution. Creatine monohydrate is dried in a desiccator 
over calcium chloride to remove moisture or heated at 120° to the anhy- 
drous state until the weight is constant. 0.660 gm. of creatine mono- 
hydrate or 0.580 gm. of anhydrous creatine is dissolved and diluted to 1 
liter with water (not stable). Either of these solutions contains 500 y in 
terms of creatinine per cc. 

Picric acid, 0.04 N. A saturated solution of picric acid is prepared by 
adding about 16 gm. of picric acid to 1 liter of water in a 2 liter flask. This 
solution is then heated to about 80°, when complete solution takes place, 
After cooling to room temperature excess picric acid crystallizes. About 
690 cc. of this saturated solution are diluted to 1 liter and titrated with 
0.1 Nn NaOH, with phenolphthalein as indicator. 

Sodium hydroxide, 0.75 N. 42 cc. of NaOH (1:1 by weight) are diluted to 
1 liter and titrated with 1.0 n HCl with a mixture of bromocresol green 
and methyl red as indicator. 

Iodine reagent, 0.05 N. It is not necessary to standardize this solution. 
6.4 gm. of pure iodine plus 13 gm. of potassium iodide are transferred to a 
liter volumetric flask. About 40 cc. of water are added, and the flask is 
shaken until all of the iodine is dissolved. When this is accomplished, 
the solution is diluted to the mark. 

Chloroform, analytical reagent. 


Method 


Urine is first treated with the iodine reagent. Following this prelimi- 
nary step, equal amounts of diluted urine samples are pipetted directly 
into colorimeter tubes for the determination of preformed creatinine and 
into special tubes for the determination of total creatinine. Creatine is 
converted to creatinine in a picric acid medium by heating in a boiling 
water bath. The final Jaffe reaction is carried out simultaneously for the 
preformed and total creatinine. The orange-red color develops maximally 
within 20 minutes and is stable for about 1 hour. The intensity of the 
color is determined in a Klett-Summerson photoelectric colorimeter with 
a No. 54 filter. The range of sensitivity is from 10 to 80 y. The final 
color does not obey Beer’s law; hence a calibration graph has to be con- 
structed. 

Procedure for Determination of Creatine and Creatinine in Urine—The pH 
of the urine specimen is adjusted to approximately 6 + 0.5 (with pH 
paper) by adding concentrated HCl or 20 per cent NaOH dropwise. 

Preliminary Treatment and Extraction—3 cc. of urine are pipetted into a 
10 cc. glass-stoppered graduated cylinder. Iodine reagent is added drop- 
wise until a definite change in color persists. Usually 4 to 5 drops are 














suffici 
slight 
After 
adjus 
gradu 
prodt 
or les 
are p 
repre 
usual 
This 


direc 
nN: 
inter 
filtel 


pipe 
of 0. 
to il 
wat 
It w 
hose 
wat 
the 

ing 
will 
ce. 

ce. 


tub 
ete: 


the 
to 


sol 
tic 
pr 
usi 


Yo 


dro- 


ator 
vhy- 
yno- 
(oO | 
y in 


_ by 
This 


out 
vith 


1 to 
een 


ion. 
10 a 
< is 


ed, 


tly 
ind 
» is 
ing 
the 
lly 
the 
ith 
nal 
on- 








XUM 


H. H. TAUSSKY 855 


sufficient, but in the presence of large amounts of reducing substances 
slightly more will be required; an excess of 1 or 2 drops is not harmful. 
After standing for 2 minutes to insure excess of iodine, the volume is 
adjusted to 6 cc. with water. 6 cc. of chloroform are added, and the 
graduate is stoppered and shaken to extract excess iodine and reaction 
products. Separation of the two phases takes place readily, with a more 
or less pronounced emulsion interface. 2 cc. of the upper aqueous phase 
are pipetted into a 100 cc. volumetric flask and diluted to the mark. This 
represents a urine dilution of 1:100, a convenient dilution factor for the 
usual range of urinary creatinine and creatine values of 24 hour specimens. 
This dilution can be changed for more dilute or concentrated specimens. 

Determination of Preformed Creatinine—3 cc. of the above are pipetted 
directly into colorimeter tubes, 1 cc. of 0.04 N picric acid and 1 ce. of 0.75 
nx NaOH are added, and the tubes are well shaken. After 20 minutes the 
intensity of the color is read in the Klett-Summerson colorimeter with 
filter No. 54. 

Conversion of Creatine to Creatinine—3 cc. of the 1:100 dilution are 
pipetted into heavy walled 12 cc. centrifuge tubes graduated at 4 cc.! 1 ce. 
of 0.04. n picric acid and 3 cc. of water are added, and the tubes are shaken 
to insure proper mixing. They are inserted into a constant level boiling 
water bath deep enough to cover the surface of the liquid in the tubes. 
It was found very helpful to put a small rubber ring, the shape of a garden 
hose washer, around each tube to be able to suspend it in the stand in the 
water bath; furthermore, this serves to cover completely the opening for 
the tube in the stand and thus prevents steam from escaping and condens- 
ing on the wall of the tube. After about 1} hours the volume in the tubes 
will have decreased to below 4 cc.; however, boiling down to as little as 2 
ec. is not harmful. After cooling and readjusting of the volume to the 4 
ec. mark, 1 ec. of 0.75 Nn NaOH is added and the tubes are well mixed. 
After 20 minutes the contents of these tubes are transferred to colorimeter 
tubes. The intensity of the color is read in the Klett-Summerson colorim- 
eter with a No. 54 filter as for the preformed creatinine. 

Analysis of Standard Solutions—Appropriate dilutions are prepared from 
the stock solutions of creatine and creatinine to give concentrations of 10 
to 80 y per 3 cc. These dilutions are then carried through the procedure 
as described for diluted urine. The preliminary treatment of the standard 
solutions with iodine can be omitted, as the results were found to be iden- 
tical with or without this step in the procedure. A calibration graph is 
prepared. With each series of analyses a blank and at least one standard, 
usually 30 y, are analyzed. 


1 Available from E. Machlett and Son, 220 East 23rd Street, New York 10, New 
York. 
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Calculation of Results for Urine 
Preformed Creatinine— 


y found (from calibration graph) 
30 (for 1:100) 





X V/24 hrs. = mg. preformed creatinine per 24 hrs, 


Total Creatinine— 


y found (from calibration graph) 
30 (for 1:100) 





X< V/24 hrs. = mg. total creatinine per 24 hrs. 


Creatine Expressed As Creatinine—Mg. of total creatinine less mg. of preformed 
creatinine = mg. of creatine per 24 hours. 


DISCUSSION 


Stability of Creatine and Creatinine in Stock Solutions—The acidified 
creatinine solution is stable for at least 6 months. Creatine solutions and 
’ mixtures of creatine plus creatinine were prepared as aqueous as well as 
solutions acidified with hydrochloric, sulfuric, and acetic acids; these solu- 
tions were kept at room temperature and refrigerated for 1 week. The 
spontaneous per cent conversion of creatine to creatinine in these various 
solutions was as follows: in the aqueous mixture about 5 per cent, in hy- 
drochloric and sulfuric acids about 10 per cent, and in acetic acid about 
30 per cent. 

Influence of Acidity—Clark and Thompson pointed out that conversion 
of creatine to creatinine is complete at pH 2 to 2.5. In the original con- 
version procedure of Bonsnes and Taussky there were in each tube 3 ce. 
of diluted urine plus 1 cc. of 0.04 N picric acid, a total volume of 4 cc., 
which was then reduced to 3 cc. in a boiling water bath. Measurement 
of the pH of the initial total volume of 4 cc. showed it to be 2.1 and, when 
boiled down to about 3 cc., 1.9, a range of pH at which conversion is not 
complete according to Clark and Thompson. By increasing the initial 
total volume of 4 ce. to 7 cc. with the addition of distilled water, the mix- 
ture was brought into the pH range at which conversion is complete. In 
retrospect it is apparent that Folin (4, 5), who introduced the use of picric 
acid alone for the conversion of very small amounts of creatine to creatinine 
in urine samples, achieved the necessary condition for its complete con- 
version by the use of a great dilution factor. He also pointed out that, 
when larger amounts of urine samples were analyzed, this method was 
not accurate because of the release of large amounts of ammonia. Hence 
it is evident that Folin was aware of the influence of acidity on the con- 
version of creatine to creatinine, although he did not investigate this factor 
more specifically. 

In Fig. 1 is illustrated the relationship of pH and picric acid (from satu- 
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rated to 0.004 Nn). Saturated picric acid has a pH of 1.4, 0.04 n pH 1.5, 
and with further dilution the pH continues to rise. A dilution of 1 part 
of picric acid with 6 parts of water gives pH 2.4. This is the starting point 
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Fia. 1. Relationship of pH and picric acid concentration. On the left, the ordi- 
nate represents the normality of diluted picric acid; on the right, the dilution of 1 cc. 
of 0.04 n picric acid with different amounts of distilled water. The starting point of 
the boiling procedure (pH 2.4) is represented by the upper solid circle; the lower 
solid circle indicates a volume of 4 cc., pH 2.1. 
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Fig. 2. Per cent conversion of creatine to creatinine as a function of the initial 
dilution. 


of the boiling procedure as indicated in Fig. 1. When the solution is 
boiled down to below 4 cc., pH of 2.1 is reached. 

Fig. 2 shows the per cent conversion of creatine to creatinine as a func- 
tion of the initial dilution. A total initial volume of 1.5 cc. results in 25 








858 DETERMINATION OF CREATINE 


per cent conversion, 2 cc. in 70 per cent, 5 cc. in 90 per cent. However, 

from 7 cc. and above, creatine is completely converted into creatinine. 
Comparison of Creatine in Urine by Micromethod and Benedict’s M ethod— 

Table I provides a comparison of values obtained by the present micro- 





























TABLE I 
Comparison of Creatine in Urine by Micro and Benedict Methods 
Creatine 
Urine No. Difference 
Micromethod Benedict 
mg. per 24 hrs. mg. per 24 hrs. per cent 
1 205 205 0 
2 615 605 +2 
3 437 466 —6 
4 115 105 +9 
5 758 795 —5 
6 815 775 +5 
7 548 573 —5 
8 130 150 —13 
TaBieE IT 
Recovery of Added Creatine to Urine 
Urine No. Creatine added Creatine + creatinine Creatine recovered 
7 od per cent 
1 0 51.8 
1 6 58.0 103 
1 12 64.0 101 
1 24 76.0 101 
2 0 14.7 
2 1.5 16.2 100 
2 4.5 19.0 95 
2 6.0 21.1 106 
2 7.5 22.0 97 
2 9.0 24.0 103 
2 12.0 27.4 105 














method with an aliquot of 0.06 cc. of urine and by the Benedict method 
with an aliquot of 1.0 cc. of a 24 hour specimen. 

Tables II and III show recovery experiments carried out with the addi- 
tion of creatine and creatinine to urine. 

Interfering Substances—Many investigators have studied the specificity 
of the Jaffe reaction (6-13). A number of preliminary treatments were 
suggested to eliminate or reduce the effect of interfering substances. Gaeb- 
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ler and Keltch (14), Borsook (15), Fisher and Wilhelmi (16), and Hare 
(17), used Lloyd’s reagent, an aluminum silicate, to adsorb creatinine and 
thereby separate it from non-specific chromogenic substances. Miller and 
Dubos (18) prepared a specific enzyme capable of decomposing creatinine. 
However, when creatinine is determined in normal urine before and after 
these special procedures, the values are essentially the same (17, 19, 20). 
Among the most commonly known interfering substances are glucose, ace- 
tone, and acetoacetic ester. Glucose as such does not interfere, because it 
has a much slower reaction velocity in the cold, but, after hydrolysis with 
HCl, urea and glucose combine to form products which then give a color 
with alkaline picrate. However, under the milder condition employed here 
for the conversion of creatine to creatinine, glucose up to 60 gm. per liter 
of urine does not interfere with the determination of creatine. 











TasB_e III 
Recovery of Added Creatinine to Urine 
Creatinine added Creatinine found Creatinine recovered 

7 7 per cent 

0 35.5 

3 38.5 100 

6 41.5 100 

) 44.8 103 

12 47.5 100 
30 65.0 98 











In the investigation of a number of other interfering substances, it was 
noted that ascorbic acid gave a strongly positive Jaffe reaction. The well 
known reducing properties of ascorbic acid suggested the investigation of 
the value of a number of oxidizing agents for eliminating this interference. 
Iodine proved the most satisfactory, as it not only oxidized ascorbic acid 
but also eliminated the interference of acetoacetic ester and acetone. Per- 
manganate also eliminated the interference of ascorbic acid, but unlike 
iodine, tended to oxidize glucose which then resulted in a marked augmen- 
tation of the final color development. Therefore, the preliminary treat- 
ment with iodine and extraction with chloroform were adopted to elimi- 
nate unknown interfering substances, including large amounts of ascorbic 
acid as well as acetone and acetoacetic ester. Ascorbic acid up to 3 
gm., acetoacetic ester up to 16 gm., and acetone and glucose up to 50 gm. 
per liter of urine do not interfere. 

Thymol and toluene when in contact with urine for 24 hours did not 
change the results for creatine or creatinine. A number of other sub- 
stances were investigated for their interference with the determination of 
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creatinine and creatine. The following did not interfere when added jp 
amounts of 1 mg. (equivalent to 16 gm. per liter) to 20 y of the sum of 
creatine plus creatinine or to urine aliquots of the same order of magnitude: 
alanine, cysteine, glycine, histidine, leucine, glycogen, inulin, urea, aceto- 
acetic ester; the acids, acetylsalicylic, citric, gluconic, glutaric, hippuric, 
lithium lactate, malic, malonic, oxalic, succinic, and uric; D-arabinose, 
L-arabinose, D-galactose, lactose, and p-xylose. 500 y (8 gm. per liter) of 
fructose and 200 y (4 gm. per liter) of Versene do not interfere. 100 y (1.6 
gm. per liter) of the following substances do not interfere: arginine, gluta- 
thione, guanidine, methionine, and the acids, benzoic, glutamic, maleic, 
oxaloacetic, and p-aminohippuric. 60 y (800 mg. per liter) of pyruvate, 
30 y (400 mg. per liter) of a-ketoglutaric acid, and 20 y (250 mg. per liter) 
of glycocyamine do not increase the colorimeter readings for creatine and 
creatinine. Creatine phosphate is completely split under the conditions of 
our procedure; hence, the analytical results for creatine will include what- 
ever creatine phosphate may be present. 

The improved specificity of this method has led us to apply the above 
procedure to serum, with results to be described elsewhere. 


SUMMARY 


A micromethod has been presented for the determination of creatine in 
small amounts of urine. The method is based on the complete conversion 
of creatine to creatinine in a boiling water bath with the sole addition of 
diluted picric acid. The interference of large amounts of acetone, aceto- 
acetic ester, ascorbic acid, and glucose has been eliminated. The range of 
sensitivity of the method is from 10 to 80 y. Comparisons with Benedict’s 
method and recovery experiments are in good agreement. 


I wish to thank Dr. Ephraim Shorr for his advice and encouragement 
during this study. 
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TRANSAMINATION REACTIONS IN PLANTS* 


By D. G. WILSON,; K. W. KING,{ anp R. H. BURRIS 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 


(Received for publication, December 28, 1953) 


The transamination reaction was first demonstrated by Braunstein and 
Kritzmann (1), and they (2) claimed that some fourteen amino acids 
would serve as amino donors to a-ketoglutaric acid or oxalacetic acid. 
Kritzmann (3) obtained transamination with extracts of ground pea seed- 
lings, and other workers (4, 5) observed limited transamination in plants. 
The first highly active plant transamination system was prepared by Al- 
baum and Cohen (6) from oat seedlings and was shown to be active with 
a-ketoglutaric acid and aspartic acid, alanine, or cysteic acid. Leonard 
and Burris (7) were able to demonstrate the glutamic-oxalacetic acid sys- 
tem in extracts from a variety of plant species and tissues and the alanine- 
a-ketoglutaric acid system in wheat germ. 

In recent years (8-11) it has become increasingly apparent that the 
transamination reaction in animal tissues and bacteria has a wide scope 
both in terms of amino group donors and amino group acceptors. Stumpf 
(12) employed ascending chromatography to detect the formation of glu- 
tamate, and to demonstrate transamination to a-ketoglutaric acid from 
alanine (both p- and L-), aspartic acid, a-aminobutyric acid, leucine, 
isoleucine, valine, and norvaline. He used dialyzed aqueous extracts of 
lima bean, lupine, pumpkin or pea seedlings, pumpkin leaves, or wheat 
germ as enzyme sources. Fowden and Done (13) have demonstrated that 
dialyzed preparations of peanut seedlings and of 20 day-old peanut leaves 
will transaminate to a-ketoglutaric acid from alanine, aspartic acid, 
y-methyleneglutamic acid, y-methylglutamic acid, leucine, glycine, and 
valine. 

The present paper describes investigations in which three independent 
methods were used to demonstrate the presence in plants of transaminases 
which transfer the amino group from each of seventeen different amino 
acids to a-ketoglutaric acid. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds provided by the Wisconsin Alumni Research Founda- 
tion. 

t Present address, Connecticut Agricultural Experiment Station, New Haven, 
Connecticut. 

t Present address, Department of Biology and Virginia Agricultural Experiment 
Station, Virginia Polytechnic Institute, Blacksburg, Virginia. 
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EXPERIMENTAL 
Chromatographic Studies 


Enzyme Preparations—The aerial portions of 6 to 10 day-old white 
lupine, corn, pea, barley, oat, and mung bean seedlings grown in the light 
were harvested and ground with 0.4 m sucrose and 0.1 m phosphate buffer 
of pH 8.0. After filtration through cheese-cloth, the extract was centri- 
fuged at about 500 X g. The supernatant solution was either dialyzed in 
the cold for 12 to 18 hours or centrifuged in an air-driven centrifuge be- 
fore use as an enzyme preparation. When a more concentrated enzyme 
was desired, the dialyzed extract was lyophilized prior to use. Particulate 
preparations from etiolated white lupine cotyledons and illuminated bar- 
ley seedlings (14) provided a reproducible enzyme source, and the super- 
natant solution from the initial centrifugation of the particles also was 
tested for activity after dialysis against tap water at 6-8°. This dialyzed 
supernatant solution was incubated with pyridoxal phosphate for 30 min- 
utes at 40° prior to the transamination tests. The particulate fractions 
were washed with 0.01 m tris(hydroxymethyl)aminomethane (Tris) buffer, 
pH 7.5, containing 20 y of pyridoxal-5-phosphate! per ml., and the parti- 
cles were suspended in the same medium. 

Reagents and Conditions for Transamination—The reaction mixture con- 
sisted of 20 mm amino acid, 30 mm a-keto acid, 20 y of pyridoxal-5-phos- 
phate, and 0.7 ml. of the enzyme preparation per ml. Pyridoxal phosphate 
was added routinely and, unless otherwise indicated, no effort was made 
to ascertain whether the enzyme preparations were active in its absence. 
The amino and keto acid solutions were adjusted to pH 7.5 to 8.0 before 
use. Commercial amino acids were used, and sodium pyruvate was pre- 
pared from freshly distilled pyruvic acid by neutralization and subsequent 
precipitation of the salt with alcohol. a-Ketoglutaric acid was recrystal- 
lized from glacial acetic acid (18). Oxalacetic acid was prepared from 
ethyl oxalacetate (19). 

The usual incubation period was 2 hours at 30°, but the particulate 
preparations were incubated at 40°. After incubation, the mixtures were 
either boiled or treated with a crystal of trichloroacetic acid; the precipi- 
tated proteins were filtered with the aid of Celite. Controls to which no 
amino acid was added, and those in which the proteins were precipitated 
prior to incubation, showed no amino acids on paper chromatograms. 

Detection of Amino Acids—The method for detecting amino acids was 
based upon that described by Rowsell (10). 5 ul. of the filtered reaction 


1 Pyridoxal-5-phosphate, as the calcium salt, was generously supplied by W. W. 
Umbreit of the Merck Institute for Therapeutic Research. Pyridoxal phosphate 
was also prepared according to the method of Heyl et al. (15), and subsequently 
according to the method of Peterson et al. (16, 17). 





mixtu 
acid \ 
rately 
solve! 
specif 
acids 
per ¢ 
was ¢ 
provi 
of th 
acid 


Ké 
un 


hate 
ntly 














WILSON, KING, AND BURRIS 865 


mixture and of a solution of the amino acid analogue of the added keto 
acid were placed on Whatman No. 1 filter paper both together and sepa- 
rately. The chromatogram was developed in a phenol-formic acid-water 
solvent (448 gm. of redistilled phenol, 13 gm. of redistilled formic acid with 
specific gravity 1.2, and 229 gm. of glass-distilled water), and the amino 
acids were subsequently located by spraying the air-dried paper with a 0.2 
per cent alcoholic ninhydrin solution (20). The transamination reaction 
was considered positive whenever a second amino acid spot was evident, 
provided that this amino acid moved coincidentally with a known sample 
of the anticipated amino acid. The minimal detectable level of amino 
acid on the paper was about 0.3 y of amino nitrogen. 


Studies of N'® Exchange in Mixtures of Amino Acids ' 


Reaction Mixture—A synthetic mixture of amino acids was employed in 
a concentration such that each amino acid supplied 5 mg. of a-amino N as 
the L form per 25 ml. of solution; alternatively, 25 ml. of a supplemented 
10 per cent casein hydrolysate were used as the source of amino acids. To 
the amino acid mixture were added 1.2 mg. of sodium cyanide (to inhibit 
amino acid decarboxylases), 1 mg. of pyridoxal-5-phosphate, 10 mg. of 
a-ketoglutaric acid, 8.0 mg. of sodium pyruvate, 9.16 mg. of oxalacetic 
acid, and 50 mg. of N'*-enriched glutamic acid (32 atom per cent N'™ ex- 
cess) or N'-enriched ammonium sulfate (32 atom per cent N' excess); 
the pH was adjusted to 8.0. 25 ml. of a crude juice obtained from barley 
seedlings by low speed centrifugation were used directly or after dialysis 
and lyophilization. The enzyme, after adjustment to pH 8.0 and incuba- 
tion with pyridoxal phosphate, was incubated with the amino acids for 3 
hours at 30°. 

Separation and Analysis of Compounds—The reaction mixture was boiled 
and the coagulated proteins were removed by filtration. After hydrolysis 
of the filtrate in 6 N HCl and removal of the excess HCl in vacuo, the 
amino acids were separated on a Dowex 50 column according to the method 
of Stein and Moore (21). The amino acid fractions were concentrated 
and then tested for purity and identity by paper chromatography. Thre- 
onine and glutamic acid as well as aspartic acid and serine usually had to 
be separated on a short IR-4B column according to the method described 
by Wall et al. (22). The amino acid nitrogen was digested, distilled, con- 
verted to Ne, and analyzed with the aid of a Consolidated-Nier mass 
spectrometer. 


Conversion of C'*-Labeled a-Ketoglutaric Acid to Glutamic Acid 


a-Ketoglutaric acid-1 ,2-C™ was synthesized according to the method of 
Kégl et al. (23), with the exception that BaC“O; was heated with NaN; 
under N, (24) and the resulting sodium cyanide hydrolyzed to sodium 
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formate by the method of Heidelberger and Hurlbert described in Cromp- 
ton and Woodruff (25). 

Particulate preparations from etiolated lupine seedlings were incubated 
for 2 hours at 40° with added compounds, as previously described. After 
removal of the proteins by heating in a boiling water bath for 5 minutes 
and subsequent filtration, the filtrate obtained from each reaction mixture 
was passed through an IR-4B (6.5 X 0.9 cm.) column; the added amino 
acid passed through the column. After elution of the a-ketoglutaric and 
glutamic acids from the IR-4B (22) and concentration of the eluent to 
dryness in vacuo over NaOH, the two acids were separated on a Dowex 50 
(12.5 X 0.9 cm.) column (21). The radioactivity of the eluted glutamic 
acid was determined in a gas flow Geiger counter. An aliquot of the elu- 
enf was chromatographed on paper for confirmation of its identity as 
glutamic acid. 


Studies of Glutamic Acid-Glycine Transaminase 


Tobacco leaves were ground in a Nixtamal mill and a crude juice was 
obtained by centrifugation at about 500 X g. The juice was dialyzed for 
9 hours, then adjusted to pH 7.5 and incubated with pyridoxal-5-phosphate 
for 20 minutes prior to use. The reaction mixture consisted of 15 mg. of 
glycolic acid-1-C“, 30 mg. of N-enriched glutamic acid (18 atom per cent 
N® excess), and 30 mg. of oxalic acid (to inhibit the oxidation of glyoxylic 
acid) in 0.5 ml. of 0.1 m Tris buffer, pH 7.5; this was added to 1.5 ml. of 
enzyme solution. The reaction was followed in a Warburg respirometer 
and stopped by the addition of acid when the oxidation of glycolic acid was 
about 75 per cent complete. The protein was removed by filtration after 
heat denaturation, and the glycine and glutamic acid in the filtrate were 
isolated according to the method of Stein and Moore (21). The glycine 
was degraded by the method of Vernon and Aronoff (26). Both amino 
acids were analyzed for N'*. Controls minus glutamic acid or pyridoxal 
phosphate were run. 


Results 


The chromatographic data obtained from a study of various tissues are 
presented in Table I. Although we investigated only three a-keto acids as 
acceptors, it is apparent that there are several different transamination 
systems in the plants examined. The preparations varied considerably in 
their activity, but it was always possible to demonstrate the ketoglutaric- 
aspartic acid and ketoglutaric acid-alanine systems. The oxalacetic acid- 
alanine system, which was found in white lupine and barley preparations, 
requires further investigation because of the possible presence of trace 
amounts of glutamic acid or a-ketoglutaric acid in the enzyme preparation. 
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With a dialyzed, lyophilized supernatant solution from the high speed 
centrifugation of the juice from ground barley leaves, a variety of amino 
acids served as amino donors to a-ketoglutaric acid but not to pyruvic or 
oxalacetic acid. Other tissues proved inactive in many of these systems, 
possibly because inappropriate procedures were used for preparation of 
the enzymes. 


TABLE I 
Transamination in Preparations from Plant Tissues 
The amino acids formed were detected by paper chromatography. 








Transamination system* | Tissues yielding active preparations 
a-Ketoglutaric acid-alanine....... ..| Corn radicles, pea, white and blue lupine, 
barley, oat and mung bean seedlings 
a-Ketoglutaric-aspartic acid.........| White lupine, barley, oat and mung bean 
seedlings 
a-Ketoglutaric acid-glycine..........| White lupine, barley, oat and mung bean 
| seedlings 
a-Ketoglutaric acid-phenylalanine...| White lupine, barley and mung bean seed- 
lings 
Oxalacetic acid-alanine . ......+.| White lupine and barley seedlings 
Pyruvic acid-methionine . . ....| Mung bean seedlings 


a-Ketoglutaric-alanine, -valine, 
-aspartic, -methionine, -leucine, | 
-histidine, -phenylalanine, -gly- | 


aha a ie ae teense Barley seedlingst 





* The tissue preparation was incubated at pH 7.5 to 8.5 with 20 mm amino acid, 
30 mm a-keto acid and 20 y of pyridoxal-phosphate in a total volume of 1 ml. for 2 
hours at 30°. 

+ A dialyzed, lyophilized supernatant fluid from the high speed centrifugation of 
a crude juice from the tissue was used for these studies. 





The results which were obtained with the particulate and soluble prepa- 
rations of white lupine and barley seedlings are presented in Table II. Ail 
of the amino acids which were tested, except cystine, served as amino 
donors to a-ketoglutaric acid, although the activity varied considerably 
among the amino acids. Aspartic acid and alanine were usually the most 
active donors. Arginine, cysteic acid, leucine, and isoleucine also had 
high activity; the remaining amino acids were relatively weak donors. 
Chromatographic analyses, performed in the course of the experiments 
with radioactive a-ketoglutaric acid, indicated that pyridoxamine is an 
active donor in particulate lupine preparations; urea, adenine, guanine, 
and cytosine were questionable amino donors. 

Exchange of the amino group of N"-enriched glutamic acid with the 
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amino groups in a mixture of amino acids was employed as an independent 
test for transamination. In conjunction with the other experiments, these 
experiments, which involved no synthesis of new amino acids, provided 


TaBLe II 
Transamination to a-Ketoglutaric Acid by Soluble and Particulate Enzyme 
Preparations from White Lupine and Barley Seedlings 
The glutamic acid was identified and estimated on paper chromatograms. 








Relative intensity of glutamic acid spot 





























Amino acid added Lupine | 
| Barley 
Pesticulnte | Particulate Superaatent | Supematent particulate 
| 

Aspartic acid............. ae +++ + oe ees + 
NS iii bese scien ews ee 44 + +--+ re 
Cysteic acid..... nied ++4 ++ + et = 
Rs 5 dik. odin HRS + ++4+ + | -f--}--} i 
eae oe ++ | + +--+ he 
ROI areiosisis. 5 ai a4 + ++ + 4-4. A 
IR oc ecu asses + + £ sii a 
Methionine. .............. oe + + 4: si 
ae eee ee + 4. a 
eer = oo + + se 
DID ols iain is0-sinceeeve ean’ 4 4 oo + -- s 
Threonine. + + fe aie ee 
Phenylalanine............. - + + +}. ve 
NS iaishics acetal Siena jase os + + + aa 
BN. hike his sek cidgus oles + + te te a 
A rr roe rere + + + oe Ae 
Tryptepnen........... Be + + te < a 
Bes i 3 ike Sere sie sbi 4 + de | re 
I os AG iis od choco — = 
eee +t a 


No amino or a-keto acid. . 





The symbol + indicates that the glutamic acid spot is detectable but faint. 
* The supernatant solution was dialyzed for 6 hours. 
7 A faint spot appeared at the origin; it was absent in all the other controls. 


evidence for the reversibility of the various transamination reactions. Ta- 
ble III presents the data obtained in an experiment in which the enzyme 
preparation was a crude barley juice and in which the protein was not re- 
moved prior to hydrolysis. It is apparent that there was extensive dilution 
of the glutamic acid nitrogen. If it is arbitrarily assumed that the signifi- 
cance level in these experiments is 0.01 atom per cent N™ excess (the mass 
spectrometer is reliable to 0.005 atom per cent N™ excess), then it is clear 
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that a considerable number of transaminations occurred. There were ac- 
tive systems for the exchange of N'°-amino nitrogen between glutamic acid 
and aspartic acid, alanine, serine, threonine, glycine, proline, methionine, 
cysteine, valine, arginine, and histidine. The exchange between serine 
and glutamic acid was far more extensive than that observed in any other 
experiment. 

To rule out reductive amination as a possible mechanism for the incor- 
poration of N'* in the above experiment, the experiment was repeated with 
N®-enriched ammonium sulfate (32 atom per cent N' excess) in place of 
N"-enriched glutamic acid. The “initial NH;” (Table IV) refers to that 
distilled from the reaction mixture after the removal of the proteins but 


TaBte III 
Distribution of N** after Incubation of N‘5-Enriched Glutamic Acid and Supplemented 
Casein Hydrolysate with Crude Barley Juice 
The protein was not removed prior to hydrolysis. 





| | | 
| Atom per 











Amino acid ye ony | Baa ao Amino acid ‘eat Ne | pan Laat 
Glutamic acid 1.58 | | Proline | 0.054 3.4 
Aspartic “ 0.66 | 41.5 | Cysteine | 0.053 3.4 
Serine 0.35 | 22.1 Valine | 0.034 2.2 
Alanine 0.25 15.7 Arginine | 0.019 1.2 
Methionine 0.19 | 12.0 | Histidine 0.014 0.9 
Glycine 0.14 | 8.6 Leucine 0.010 0 6 
Threonine 0.084 | 5.3 | Isoleucine 0.010 0.6 





* Calculated from the assumption that exchange occurred with glutamic acid 
containing 1.58 atom per cent N!* excess. 








prior to hydrolysis, whereas “ammonia” refers to that present after hy- 
drolysis and recovered by elution from the Dowex 50 column. As indi- 
cated in Table IV, the exchange of N™ between glutamic acid and the other 
amino acids in Experiments 1 and 3 was considerably less extensive than in 
the comparable experiment recorded in Table III. We are unable to ac- 
count for this difference in activity, since a control experiment showed that 
the difference was not due to inclusion or removal of the protein before 
hydrolysis. Perhaps the age of the tissues may have been responsible for 
the observed differences, since activity of the preparations decreases with 
aging of the tissues. Nevertheless, a comparison of the data of Experi- 
ments 1 and 2 (crude barley juice preparation) and Experiments 3 and 4 
(dialyzed, lyophilized barley juice preparation) indicates that N'°-ammonia 
did not exchange with the amino group of the amino acids. (Some reduc- 
tive amination may have occurred in Experiment 2 to form valine and in 
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Experiment 4 to form glutamic acid.) This absence of exchange is particu- 
larly apparent when one considers the high isotopic concentration of the 
ammonia used in these experiments relative to that in ammonia arising 
from glutamic acid in the other experiments. Thus, neither reductive 
amination nor any other means of equilibration with the ammonia pool 


TaBLe [V 


Distribution of N** after Incubation of N'5-Enriched Glutamic Acid or Ammonium 
Sulfate and Mixture of Amino Acids with Barley Juice 





Atom per cent N' excess 








Amino acid 
Experiment 1* | Experiment 2* | Experiment 3t | Experiment 4+ 

Initial NH; 0.69 | 23.8 1.02 21.5 
Glutamic acid 5.84 0.008 6.81 0.060 
Aspartic ‘ 2.36 0.000 2.26 0.001 
Alanine 0.80 0.004 0.76 0.003 
Serine 0.007 0.003 0.031 

Methionine 0.021 0.001 0.008 
Glycine | | 0.000 0.022 0.000 
‘“‘Ammonia’”’ 0.011 0.051 0.021 0.050 
Threonine | 0.029 0.003 0.010 0.011 
Proline 0.072 0.006 0.013 

Tyrosine 0.011 0.005 0.005 
Cysteine | 0.006 0.004 0.008 

Valine 0.032 0.008 0.002 
Arginine | 0.008 0.002 0.007 0.002 
Lysine | 0.008 0.001 0.007 | 0.004 
Phenylalanine 0.009 0.003 0.007 0.002 
Histidine 0.007 0.000 0.003 0.002 
Leucine 0.015 0.005 0.029 0.007 
Isoleucine 0.005 0.001 0.003 0.007 


Experiments 1 and 3 were carried out with N'*-enriched glutamic acid, whereas, 
in Experiments 2 and 4, N!5-enriched ammonium sulfate was supplied. 

* A crude barley juice preparation was used in these experiments. 

t A dialyzed, lyophilized supernatant solution from the high speed centrifugation 
of the crude barley juice was used. 


contributed appreciably to the observed N' accumulation in the amino 
acids incubated with N"-enriched glutamic acid in the absence of added 
ammonia. 

The third test for transamination employed C-labeled a-ketoglutaric 
acid; the radioactivity of the glutamic acid formed gave a reasonably quan- 
titative estimate of the activity of the various transaminating systems. 
These results (Table V) were obtained with a particulate preparation from 
etiolated white lupine seedlings, and the data indicate transamination to 








a-ke 
acid 
nine 
ami! 
prog 
used 


aci 
val 


in 
5-] 
to 
Tr 
we 


ch 


ou- 


ng 
ive 
00] 


um 


ino 


led 


ric 
an- 
ms. 
om 

to 








XUM 


WILSON, KING, AND BURRIS 871 


a-ketoglutaric acid from alanine, arginine, cysteic acid, a-aminobutyric 
acid, leucine, pyridoxamine, cysteine, isoleucine, ornithine, lysine, methio- 
nine, y-aminobutyric acid, glycine, valine, and histidine. The first five 
amino acids are particularly active donors; the remaining compounds are 
progressively weaker as donors. Unfortunately, the a-ketoglutaric acid 
used was of low specific activity, but the use of highly active a-ketoglutaric 


TABLE V 
Transamination to C\4-a-Ketoglutaric Acid 














| C.p.m. C.p.m. 
(corrected) | (corrected) 
Amino acid added in recovered| Amino acid added | in recovered 
| glutamic | glutamic 
acid | acid 
———— | 
Alanine | ‘Sa7 | Ornithine 37 
Arginine | 149 Lysine 31 
Cysteic acid | 147 | Methionine | 26 
a-Aminobutyric acid 108 y-Aminobutyric acid | 25 
Leucine | 75 Glycine 24 
Pyridoxamine 49 | Valine 22 
Cysteine | 39 | Histidine 20 
Isoleucine _ 38 No amino acid | 16 





A lupine particulate preparation was incubated with an amino acid, C'4-a-keto- 
glutaric acid, and pyridoxal phosphate for 2 hours at 40°. 


TaBLe VI 


Degradation of N'5-Glycine-1-C'* Produced by Tobacco Juice from N'*-Glutamic Acid 
and Glycolic Acid-1-C'4 

















7 
Amino acid | Total c.p.m. C.p.m., Ci C.p.m., Cz Atom es 
| —— 7 —E ~~ 
| 
BRS 6od24Nireao sams Al 680 677 | Nil 
ee a: ees 680 685 | “ 9.65 
Glutamic acid............. 18.0 





acid should make this a very sensitive method for the detection of the 
various transamination systems. 

The glyoxylic acid-glutamic acid transaminase system also was studied 
in dialyzed juice from tobacco leaves. In the absence of either pyridoxal- 
5-phosphate or glutamic acid, no glycine was produced by transamination 
to glyoxylic acid formed oxidatively from added glycolic acid-1-C™. 
Transamination occurred when pyridoxal-5-phosphate and glutamic acid 
were added, and the data shown in Table VI indicate that the carbon 
chain of glycine arises from that of glycolic acid (or glyoxylic acid) with 
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no randomization of the label. The N™ analyses indicate a considerable 
dilution of the label in the glycine N. This dilution may have arisen from 
partial hydrolysis of protein during its precipitation or from dilution by 
glycine incompletely removed by dialysis. It is clear that nitrogen can be 
transaminated from glutamic acid to form glycine. The data with C con- 
firm the earlier observations of Tolbert and Cohan (27) on the origin of 
the carbon chain of glycine. The only 2-carbon fragments thus far shown 
to assimilate C“O, during short term experiments in photosynthesis are 
glycolic acid and glycine. The enzymatic system for the oxidation of 
glycolic to glyoxylic acid, which is probably the immediate precursor of 
glycine, is of general occurrence in the green parts of plants (28). 


DISCUSSION 


The present investigation of a large number of potential amino donors 
indicates that transamination is a general reaction in plants as in animal 
tissues and bacteria. Both chromatographic and isotopic techniques 
showed that most amino acids can transaminate to a-ketoglutaric acid, 
but there are great differences in the activity and stability of the various 
transaminases. The experiments with N™ provided evidence for the re- 
versibility of these reactions. The demonstration of the a-ketoglutaric 
acid-alanine and a-ketoglutaric-aspartic acid systems in almost every prep- 
aration indicated their stability in plant as in animal preparations. The 
a-ketoglutaric-cysteic acid system, and at times the glycine system, also 
was very active, whereas the pyridoxamine, arginine, leucine, isoleucine, 
asparagine, valine, phenylalanine, methionine, and lysine systems were 
only moderately active. The tyrosine, histidine, threonine, cystine, serine 
(highly active in only one case), and certain purine systems were much 
weaker under our experimental conditions. Certain other amino acids, 
proline, cysteine, tryptophan, a-aminobutyric acid, y-aminobutyric acid, 
and ornithine were tested insufficiently to establish their activity in trans- 
aminations. 

The N"™ experiments indicated that free ammonia is not an intermediate 
in these systems. The activity of pyridoxamine, however, is very interest- 
ing, since there is abundant evidence that only its phosphorylated deriva- 
tive has an active coenzyme function in transferring amino groups. Ap- 
parently a system for the phosphorylation of the pyridoxamine was present; 
this may have been a phosphotransferase, since pyridoxal-5-phosphate was 
always added to the preparations. 

The significance of the transaminases in plant metabolism is difficult to 
assess because of the lack of data concerning the occurrence of a-keto acids 
in plants other than those of the tricarboxylic acid cycle and glyoxylic 
acid. It is reasonable to assume, however, that transaminases are inti- 
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mately connected with amino acid synthesis in plants as in other tissues. 
Although Vickery et al. (29) offer evidence for the dynamic state of proteins 
in plants, experimental difficulties hinder its direct demonstration because 
plants cannot be brought into nitrogen balance. The transamination reac- 
tion, with its wide scope in plants, provides a means for the maintenance 
of the dynamic state. 


SUMMARY 


With chromatographic techniques, the a-ketoglutaric acid-alanine, 
a-ketoglutaric-aspartic acid, and a-ketoglutaric acid-glycine transamina- 
tion systems were demonstrated to be highly active in a variety of plant 
tissues. a-Ketoglutaric acid-phenylalanine, oxalacetic acid-alanine, and 
pyruvic acid-methionine transamination systems were observed in certain 
of these tissues. 

Particulate and soluble preparations from etiolated white lupine and il- 
luminated barley seedlings yielded reproducible transaminases, and seven- 
teen amino acids donated their amino nitrogen to a-ketoglutaric acid. 
The presence of many of these transaminases in crude barley juice was 
corroborated through demonstration of the exchange of N' between N!- 
enriched glutamic acid and various amino acids. Recovery of labeled 
glutamic acid formed from a-ketoglutaric acid-1,2-C“ provided a further 
independent method for the demonstration of transaminases. * 

The use of N"-enriched ammonium sulfate indicated that neither reduc- 
tive amination nor any other means of equilibration with the ammonia 
pool could account for the transfer of amino groups noted. Pyridoxamine 
in the presence of pyridoxal-5-phosphate transferred nitrogen to a-keto- 
glutaric acid. 

The glyoxylic acid-glutamic acid transaminase of tobacco leaves was in- 
vestigated, and the formation of glycine from glycolic acid-1-C“ and N™- 
enriched glutamic acid was shown. 
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THE INFLUENCE OF N-METHYLFORMAMIDE ON 
C*-FORMATE INCORPORATION 


I. IN NUCLEIC ACIDS OF RAT LIVER* 


By RALPH K. BARCLAY, ESTHER GARFINKEL, anv C. CHESTER STOCK 


(From the Division of Experimental Chemotherapy, Sloan-Kettering Institute for 
Cancer Research, New York, New York) 


(Received for publication, December 11, 1953) 


Formamide and N-methylformamide have been shown to produce ap- 
preciable tumor inhibition in mice (1). This study was initiated to eluci- 
date possible modes of action of these compounds in the animal. 

Little is known of the physiological actions of formamide or N-methy]- 
formamide. The fairly recent report that formamide is very sparingly 
hydrolyzed in vivo (2) would seem to indicate that any physiological ac- 
tivity of these amides is probably due to the intact molecule and not to 
hydrolysis products. With the preliminary thought that formamide and 
N-methylformamide may possibly interfere with the normal utilization of 
the very similar and ubiquitous formate ion, the influence of these com- 
pounds on the incorporation of C'-formate into nucleic acids was studied. 
Owing to the fact that N-methylformamide was found to be more effective 
in its tumor-inhibiting action (1), this amide was used in most of the ex- 
periments. 

It has been found in the present study that, rather than inhibiting the 
utilization of formate for nucleic acid synthesis, N-methylformamide in- 
creases markedly the incorporation of formate into the purines, but not 
into the pyrimidine thymine, of liver nucleic acids. This remarkable in- 
crease in incorporation of formate is not found in the nucleic acids of the 
intestine. 


Materials and Methods 


Male Wistar strain rats (Carworth Farms) weighing 200 + 20 gm. were 
used in these experiments. They were kept in a constant temperature 
room and fed a Purina chow diet ad libitum. The isotopic formate solu- 
tion' and sodium salt? were diluted with and dissolved in water so that the 


* This study was supported by an institutional grant from the American Cancer 
Society. 

1 Obtained from the Oak Ridge National Laboratory. Sodium formate, specific 
activity, 1 mc. per mM; concentration of solution in dilute alkali, 0.164 me. per ml. 

2? Obtained from Technical Associates, Burbank, California. Sodium formate, 
specific activity, 1.16 mc. per mm. 
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amounts to be given were contained in 1 ml. of solution. The N-methyl- 
formamide* and formamide‘ were used as a 50 per cent solution in 0.9 per 
cent NaCl. All substances were administered by the intraperitoneal route 
to groups, each of which consisted of five animals. Experiments were 
terminated 24 hours after administration of the C-formate. 

Isolation of Total Nucleic Acids—Immediately after the rats were sacri- 
ficed by exsanguination under ether anesthesia, the desired organs were 
removed and pooled in a dry ice-alcohol mixture, homogenized in alcohol, 
alcohol-ether, and ether, and dried. The desiccated powder was stirred for 
6 hours at 85° in 20 volumes of 10 per cent NaC]. After filtering the sus- 
pension, the sodium nucleates were precipitated by adding 3 volumes of 
alcohol to the filtrate. The mixture was refrigerated overnight, and 
the sodium nucleates were collected by centrifugation, washed with ethanol 
and ether, and dried. 

For total nucleic acids, 300 mg. of sodium nucleate were suspended in 15 
ml. of water, stirred on a steam bath for 10 minutes, chilled, and acidified 
to pH 2 with 6 n HCl. The precipitated free nucleic acids were washed 
twice each with water, alcohol, and ether. 

Isolation of Bases—The purine bases and thymine were isolated by an 
adaptation® of the Schmidt-Thannhauser alkaline hydrolysis method (3) 
which has been described elsewhere (4, 5). The fractions containing each 
base were concentrated on Dowex 1 columns and eluted with dilute HCl. 
The HCl was removed by repeated concentration to dryness in vacuo, and 
the residues were dissolved in water and made up to a known volume. 
The concentration and purity of the bases were determined by ultraviolet 
spectroscopy. 

Determination of C Activity—When the C™ activity of total nucleic 
acids was determined, an infinitely thick layer (25 mg. per sq. cm.) of 
finely powdered nucleic acid was placed in aluminum planchets and the 
activity determined by the use of an end window Geiger-Miiller tube. 

For determining the C" activity of the isolated bases, an infinitely thin 
layer, 0.5 ml. of solution containing from 0.05 to 1.5 um of base (4), was 
deposited on aluminum planchets and dried under an infra-red bulb, and 
the radioactivities were determined in an internal Geiger-Miiller flow coun- 
ter (Radiation Counter Laboratories, mark 12, model 1, helium-isobutane 
gas). For samples with a counting rate of about 30 c.p.m. or greater, 
reproducibility to within 5 per cent was obtained. For counting rates 
less than 30 c.p.m., the probable errors in counting varied between 5 and 
10 per cent. 


’ Obtained through the courtesy of Dr. Charles Levesque, Rohm and Haas Com- 
pany, Philadelphia. 

4 Purchased from the Eastman Kodak Company. 

5 P. M. Roll, unpublished. 
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Experimental and Results 


Nucleic Acids from Total Viscera—Formamide and N-methylformamide 
were each administered in a large single dose (2 gm. per kilo, about 0.4 
X the LDs5o) to two groups of five rats. At a 3 hour interval and a 6 hour 
interval, 1 ml. of formate solution containing 1.8 ue. of activity was ad- 








TABLE I 
Incorporation of C'4-Formate Administered at Varying Times after Single Dose 
of Drug* 
Time of administration Drug C.p.m.t | Change from control 
elite | — Sa ee an 
| | 
Control 296 
Formate 3 hr. later | Formamide | 2265 | 0.9 X 
| N-Methylformamide | 378 | 1.3 X 
se 6 hrs. later Formamide 334 1.4% 
N-Methylformamide 283 | 1.0 X 





* Dose of drug, 2 gm. per kilo; 1.8 ue. of C'4-formate injected. 
+ Total nucleic acids from mixed organs of the viscera; infinitely thick layer 
counted. 


Tass II 
Incorporation of C4. Formate into Nucleic Acids of ' Total Viscera* 


C* activity 














| Control | Formamide N-Methylformamide 
| C.p.m. per um | C.p.m. per a ar aad rot | C.p.m. per um | | | Change from 
DNA | Adenine | 150 85 06x | 141 0.9 x 
| Guanine | 100 77 0.8 X 131 1.3 X 
| Thymine | 52 35 0.7X | 49 0.9 X 
PNA | Adenine | 154 | 112 07x | 150 | 1.0X 
| | osx | 17 | 08x 


Guanine 143 67 








* C4_Formate (1.8 uc.) administ aved 3 hour after 2:\gm. per kilo of drug. 


ministered to each rat. 24 hours later the animals were sacrificed, the 
organs of the entire viscera were pooled for each group, and the sodium 
nucleates were isolated. The results (Table I) showed no significant al- 
teration in formate incorporation into the nucleic acids with either of the 
two drugs. The nucleic acids isolated in the short interval experiment 
were fractionated into the individual bases. The bases of the N-methyl- 
formamide-treated group exhibited no change at all (Table IT), and in the 
formamide-treated group values for the bases were slightly lower than those 
of the controls. 
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Nucleic Acids from Liver and Gastrointestinal Tract—It was decided at 
this point to examine pooled liver and pooled gastrointestinal tract sepa- 
rately, on the chance that a complete visceral mixture might be obscuring 
small but definite effects on single organs. Also, to facilitate the progress 


TaB_e III 


Incorporation of C'4-Formate into Nucleic Acids of Liver and Intestine after 
N-Methylformamide Administration* 














Time of administration | C.p.m.t Cones ire 
Liver Controlt 70 
Formate 3 hr. later 159 | 2X 
«24 hrs. later 557 | 8 X 
oa“ « 447 | 6x 
Control§ | 110 | 
Formate 24 hrs. later 2080 19 X 
Gastrointestinal tract Controlt 433 
Formate 3 hr. later 640 1.5X 


= 24 hrs. later 354 0.8 x 





* 2 gm. per kilo of amide administered. 

+ Total nucleic acids; infinitely thick layer counted. 

$1.8 ue. of C activity administered. 

§ 5.4 ue. of C™ activity administered. Counted in an internal flow counter in- 
stead of an end window counter. 


TaBLe IV 
Effect of N-Methylformamide on Nucleic Acid Yield 





Mixed Na nucleates, per cent of dry tissue 





Experimental ee ee ee 6.38 


Control liver*.. .. See 9.2 
Experimental gastrointestinal tractf.... | 10.1 
Control gastrointestinal tractf. .. “ | 7.3 





* Average of fifteen rats. 
t Average of ten rats. 


of the work and because, as mentioned before, N-methylformamide proved 
a more effective tumor-inhibiting agent than formamide (1), the methyl 
derivative was used in the rest of the problem. 

Table III shows the results of such an approach. When formate was 
given } hour after the drug, there was a 2-fold increase in incorporation of 
formate into the whole nucleic acids of the liver. With a 24 hour interval 
between drug and formate administration there was a 6- to 8-fold increase 
in incorporation. This large increase in incorporation was accompanied 
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by a definite decrease (one-third) in yield of isolated sodium nucleate 
from the pooled livers (Table IV). 

The intestinal nucleic acids apparently are not affected by the drug to 
any appreciable degree. 

In the last liver experiment (Table III) 3 times as much activity was 
administered in order to raise, if possible, the levels of activity in the iso- 
lated bases of the control group (Table V). Although the increase in in- 
corporation into whole nucleic acids with the larger dose of activity was 





























TABLE V 
Effect of N-Methylformamide on Incorporation of C'4-Formate into Nucleic Acids 
of Liver* 
C* activity, c.p.m. per uM 
Control Experimental a 
1.8 we. C'4-formate 
DNA Adenine 9 88 10 X 
Guanine 8 124 15.5 X 
Thymine 6 9 1X 
PNA | Adenine 17 278 16 X 
| Guanine 14 197 14 X 
5.4 ue. C4-formate 
DNA Adenine 11 39 3.5 X 
Guanine 13 33 2.5 X 
Thymine 7 9 1X 
PNA Adenine 27 493 18 X 
Guanine 15 463 31 X 








*2 gm. per kilo of amide administered; 24 hours later, amount of C'*-formate 
indicated. 





3 times that of the previous experiment, the actual counts cannot be com- 
pared since a different method of counting was used. 

Table V gives the results of the fractionation of the liver nucleic acids of 
the 24 hour experiments. The large increases in incorporation are found 
to involve both purines of both desoxypentose nucleic acid (DNA) and 
pentose nucleic acid (PNA), but not the thymine of the DNA. It is inter- 
esting to note that administration of a greater amount of activity did not 
raise the level of counts found in the control group as had been hoped, 
although in the experimental group it doubled the level in the purines of 
the PNA and lowered the incorporation into the purines of the DNA. The 
lack of change in the thymine was, however, confirmed. 








880 METHYLFORMAMIDE AND FORMATE METABOLISM 


DISCUSSION 


The increased incorporation of formate carbon reported here is probably 
not the result of an increased synthesis de novo, since N-methylformamide 
produced a small decrease in the total quantities of nucleic acids (Table 
IV). The possibility exists that an increased rate of replacement of the 
purines occurred in the experimental group, since such an activity would 
lead to a peak incorporation of isotope in the time interval of this experi- 
ment. 

Bendich and coworkers (5) have shown recently that there is an unequal 
extent of incorporation and apparent retention of isotopic carbon in the 
bases of individual DNA substances. In addition, evidence has been pro- 
duced from three separate laboratories (6-8) as to the existence of many 
distinct DNA fractions. In regard to the increases in incorporation of 
formate into the DNA bases reported here, one may suspect that N-meth- 
ylformamide might be producing a differential effect on one or more of 
these fractions, the net results of which produce an increased incorpora- 
tion or rate of replacement. 

This work appears to be a direct demonstration of a branching of path- 
ways leading to the incorporation of formate into nucleic acids. One 
pathway, which results in the incorporation of “formate” into the 2 and 
8 positions of the purines, seems to be stimulated by N-methylformamide. 
The other pathway, which leads to the ultimate methylation of uracil or 
its sugar derivatives to produce thymine, apparently is not affected. Or 
the alternative might occur, in that the rate of replacement of the purines 
may be accelerated, whereas the rate of replacement of the thymine is 
unaffected. It will be interesting to examine the effect of N-methylform- 
amide on the reduction of formate to labile methyl groups, on which work 
is now in progress.® 

The fact that the nucleic acids of the liver are more specifically affected 
and the fact that N-methylformamide seems to be a hepatotoxic agent (1) 
suggest that this amide could be inhibiting tumor growth as a secondary 
effect following a primary action on liver metabolism. While the in- 
creased incorporation in the liver may be related to hepatotoxicity, it can- 
not be considered secondary to regeneration. The damage to the liver’ 

6 It might be well to point out that evidence is at hand from work now in progress 
that the increased incorporation of formate due to N-methylformamide is not specific 
to nucleic acids, but occurs also in liver choline, liver glycogen, and methionine iso- 
lated from liver protein. 

7 The authors are indebted to Dr. Stephen Sternberg for pathological analysis of 
the liver tissue. Necrosis of the central zone of the hepatic cells which rim the 
central vein is produced by 2 gm. per kilo of N-methylformamide during the period 
of the above experiments. A loss of granularity was seen in the cytoplasm of in- 
volved areas; occasionally the wall of the central vein was disrupted by the necrosis. 
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from the dose of N-methylformamide given is not extensive enough to ac- 








bly count for the large increase in incorporation of formate noted. Also one 
ide would expect, if regeneration were a factor, that the thymine would partici- 
ble pate in the increased synthesis along with the purines (5). 
the At present it is considered axiomatic that any biologically active sub- . 
uld stance which is very similar in chemical constitution to a naturally occur- 
eri- ring metabolite is exerting its effect in the intact animal by an inhibition 
mechanism. It would appear advisable, on the basis of results such as 
ual these, to proceed with caution along such lines of reasoning. It is quite 
the possible that a biochemical disproportionation in the utilization of a natural 
ro. | metabolite, such as is found in the present report, can be as effective as 
ny actual inhibition of utilization in altering or inhibiting tumor growth. 
0 
P- The authors are greatly indebted to Dr. Frederick S. Philips for many 
of valuable suggestions and criticisms during the course of this work. They 
ra- also acknowledge with thanks the helpful and stimulating discussions with 
| Dr. Aaron Bendich and Dr. George B. Brown. 
th- 
=a SUMMARY 
ind The influence of a single large dose of N-methylformamide on the incor- 
de. poration of tracer doses of C'-formate into nucleic acids of rat liver and 
or gastrointestinal tract has been studied. It has been found that, when the 
Or formate is given at the same time as the amide, there is a 2-fold increase in 
nes incorporation of formate into the nucleic acids of the liver; when the radio- 
is active formate is given 24 hours after the amide, there is a very large in- 
m- crease in incorporation of formate into the nucleic acids of the liver. The 
rk amide seems to have no effect upon the incorporation of formate into the 
nucleic acids of the intestine. 
ed When the nucleic acids isolated from the liver are fractionated into their 
(1) | component bases, it is found that the large increase in incorporation of 
ry formate is present in both adenine and guanine of both the DNA and PNA, 
in- but not in the thymine of the DNA. 
n- The implications of this seeming specificity of action of N-methylform- 
er’ amide on the purines of the nucleic acids are discussed in relation to the 
ess | tumor-inhibiting action of this amide. 
ific 
oat BIBLIOGRAPHY 
of 1. Clarke, D. A., Philips, F. 8., Sternberg, 8S. 8., Barclay, R. K., and Stock, C. C., 
che Proc. Soc. Exp. Biol. and Med., 84, 203 (1953). 
od 2. Bray, H. G., James, 8. P., Thorpe, W. V., Wasdell, M. R., and Wood, P. B., Bio- 
in- chem. J., 45, 467 (1949). 
is. 3. Schmidt, G., and Thannhauser, 8. J., J. Biol. Chem., 161, 83 (1945). 








XUM 


882 METHYLFORMAMIDE AND FORMATE METABOLISM 


4 
5 
6 
7 


oo 


. Goldthwait, D. A., and Bendich, A., J. Biol. Chem., 196, 841 (1952). 

. Bendich, A., Russell, P. J., Jr., and Brown, G. B., J. Biol. Chem., 208, 305 (1953). 
. Bendich, A., Exp. Cell Res., 3, suppl. 2, 181 (1952). 

. Chargaff, E., Crampton, C. F., and Lipshitz, R., Nature, 172, 289 (1953). 

. Brown, G. L., and Watson, M., Nature, 172, 339 (1953). 














(Fi 


ove 
anc 
cifi 
tov 
trif 
res 
stu 
Wit 


of 


in 


ra 
th 








STUDIES OF METABOLIC TURNOVER WITH TRITIUM 
AS A TRACER 


IV. METABOLICALLY INERT LIPIDE AND PROTEIN FRACTIONS 
FROM THE RAT* 


By ROY C. THOMPSON anv JOHN E. BALLOU 


(From the Biology Section, Radiological Sciences Department, General Electric 
Company, Richland, Washington) 


(Received for publication, December 28, 1953) 


Previous papers in this series have dealt with the gross metabolic turn- 
over of tritium-labeled compounds in whole mice (1) and in various organs 
and tissues of rats (2). The present study extends these findings to spe- 
cific compound fractions isolated from rat tissues. Attention is directed 
toward the compounds of very slow turnover rate which retain appreciable 
tritium label from 4 to 8 months after tritium oxide administration. The 
results reported are of a screening nature and do not represent a thorough 
study of any particular one. They do indicate, however, an apparent 
wide-spread distribution of relatively inert compounds among a variety 
of different types. They also indicate that the same type of compound 
may exhibit widely different turnover rates in different tissues. 


Methods 


The animals employed were forty Sprague-Dawley female rats averag- 
ing 230 gm. at the start of the experiment. The diet throughout the ex- 
periment was Purina dog chow fed ad libitum, and a group of twenty female 
rats of approximately the same average weight was maintained as controls 
throughout the experiment. 

Each of the experimental animals received a total of 100 me. of tritium 
administered intraperitoneally as the oxide in five equal, weekly injections 
of 1 ml. volume. The animals were sacrificed in two groups. The first 
group of fifteen rats was sacrificed 138 days after the initial injection of 
tritium oxide (109 days after the final injection). The second group of 
nineteen rats was sacrificed 258 days after the initial injection, the interval 
between sacrifice of the two groups being 120 days. 

The animals were sacrificed by exsanguination. The samples taken in- 
cluded liver, brain, skin (hair removed by clipping), fat (from the abdominal 
cavity), muscle (from the hind legs), and residual carcass (minus the gas- 
trointestinal tract and viscera). Samples of a given tissue were pooled for 

*This paper is based on work performed under contract No. W-31-109-Eng-52 
for the Atomic Energy Commission. 
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each group, thoroughly ground, and stored in the frozen state until sepa- 
rations could be performed. 

The results reported in this paper were obtained on fractions separated 
by two procedures. Protein fractions were separated by the method of 
Lowry et al. (3) as modified by Robertson (4), and from this procedure 
water-soluble, 0.1 N NaOH-soluble, and collagen fractions were obtained. 


TaBLeE I 
Concentration of Tritium in Compound Fractions from Rat 
The first figure in each group represents the concentration after 4 months, the 


second figure after 8 months, following administration of HTO. The values are 
measured in microcuries per gm. of dry weight. 























Tissue of origin 
Compound fraction 5 
—- Muscle Skin oo - oe Brain Liver 
Water-soluble 0.38 0.35 ° 
0.08 0.08 
0.1 n NaOH-soluble wi ” 
Collagen 0.92 0.78 1.3 
0.78 0.74 1.0 
Phospholipide 0.85 0.31 2.2 0.10 
0.38 0.08 0.91 0.02 
Non-saponifiable lipides 1.0 0.35 
0.76 0.12 
Saturated fatty acids 0.68 0.52 0.66 
0.19 0.11 0.10 
Unsaturated fatty acids 0.52 0.34 0.37 
0.20 0.08 0.07 
Acetone-soluble lipidest 2.8 0.15 
1.5 0.03 











* The dry weight of the fraction was not obtained. 
t Includes non-saponifiable lipides and saturated and unsaturated fatty acids. 


Lipide fractions were separated by methods described by Bloor (5). The 
ground tissues were homogenized in a blendor with 5 volumes of 95 per 
cent ethanol and refluxed for 30 minutes. This procedure was repeated 
twice on the insoluble residue and followed by two ether extractions of the 
residue. The combined extracts were evaporated in vacuo to a moist resi- 
due which was dissolved in a small volume of ether. Phospholipides were 
precipitated with acetone. The acetone-soluble material was evaporated 
in vacuo and refluxed for 2 hours with 5 per cent ethanolic KOH. This so- 
lution was diluted with an equal volume of water and the non-saponifiable 
fraction extracted with petroleum ether. The ethanolic KOH solution was 
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then acidified with H,SO, and extracted with petroleum ether to remove 
the fatty acids. Saturated and unsaturated fatty acids were separated 
by the lead salt. method of Twitchell (6). 

The separated fractions were dried and burned, and the combustion 
water was analyzed for tritium content by the methods previously de- 
scribed (1, 7). 


Results 


Table I shows the concentration of tritium in the various fractions at 4 
months and 8 months after the cessation of tritium oxide administration. 
For brain and liver samples, the acetone-soluble, non-phospholipide frac- 


TABLE II 


Apparent Biological Half Lives of Long Lived Components of Compound Fractions 
from Rat (Days) 











Tissue of origin 
Compound fraction 

Residual | yuscle | Skin [Abdominall Brin | Liver 
Water-soluble................ 65 50 130 
0.1 nN NaOH-soluble.......... 65 55 
iis A ca se EW aid. a oN 300 © 1000 
Phospholipide...............] 100 60 90 60 
Non-saponifiable lipides........| 300 100 
Saturated fatty acids........} 200 130 60 
Unsaturated fatty acids....... 300 250 70 
Acetone-soluble lipides*...... 120 55 























* Includes non-saponifiable lipides and saturated and unsaturated fatty acids. 


tion was not further separated, and the analyses apply to the combined 
fatty acids and non-saponifiable lipides. 

The decrease in tritium concentration over the 4 month period between 
sacrifice of the two groups of rats is due not only to breakdown of labeled 
compounds but also to dilution as a consequence of growth. This latter 
effect was particularly prominent in the case of fatty acids, since the fat 
content of the animals increased considerably during the interval between 
the first and second sacrifices of the rats. To eliminate this effect of 
growth, tritium concentrations in the various fractions were calculated on 
a “per rat’? basis, and, with these corrected concentrations, the average 
biological half life of the compound in each fraction was determined graph- 
ically, assuming that loss of tritium proceeded exponentially during the 
interval between sacrifice of the two groups. The apparent biological half 
lives so calculated are listed in Table IT. 
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DISCUSSION 


The level of tritium administration in this experiment was higher than 
is generally employed in tracer studies. This was necessary in order to 
insure adequate levels of tritium in the various compound fractions at long 
intervals after exposure. The irradiation dose rate immediately following 
each 20 me. injection was approximately 30 rads' per day, assuming uni- 
form distribution of the tritium oxide in the animal. With a body water 
half life in the range of 2.5 to 3.5 days (2, 7), the dose rate was reduced to 
about 5 rads per day before the succeeding injection was given. The total 
absorbed dose received from body water tritium during and following the 
injection period is estimated at 550 rads.? Despite this high irradiatisn 
level, there was no significant effect on weight gain as compared with that 
of the control animals, and no gross evidence of the effects of radiation was 
observed at sacrifice. The single injection dose of 20 mc. per 230 gm. rat 
was less than one-tenth of the 30 day median lethal dose for mice (8). 

The data of Table I give a general indication of the extent to which trit- 
ium is retained in various compound fractions. The highest tritium con- 
centration was found in the brain lipides. The liver lipides are notably 
lower in tritium than are the other fractions studied. All the fractions, 
however, show significant retention of tritium, and, with the exception of 
brain and liver, the tritium concentrations in different fractions vary over 
a range of only about 3-fold. This uniformity of tritium retention makes 
it difficult to attribute activity in one fraction to contamination with small 
amounts of materials incompletely separated with other fractions. 

It is of interest to compare the bound tritium concentrations shown in 
Table I with the tritium concentrations in body water during the course of 
this experiment. The maximal concentration attained after the last in- 
jection was approximately 180 uc. per ml. of body water. This concentra- 
tion was not measured, but is calculated from the known amounts injected, 
the weights of the animals, and the assumption of 65 per cent of body 
weight as body water. When the first group of rats was sacrificed 4 


1New terminology agreed upon at the International Congress of Radiology, 
Copenhagen, 1953. 1 rad = 100 ergs per gm. 

2 Absorbed dose rates are calculated from the formula, rads per day = 51EZQ/W. 
The total absorbed dose is approximately 51ZQ/AW. E is the average energy of the 
radiation in m.e.v. (0.006 m.e.v. for tritium), Q is the quantity of radioisotope in 
microcuries, and W is the weight of tissue in gm., containing the Q microcuries, and 
dX is the decay constant in day~!. The decay constant is equal to 0.693 divided by 
biological half life in days. The term “biological half life,’’ as used in this paper, 
is in actuality the ‘‘effective half life,’ combining the effects of biological turnover 
and radioactive decay. However, since the effective half lives observed are small 
compared to the radioactive half life of tritium, negligible error is introduced by this 
simplification. 
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months after the final injection, the measured tritium content of body 
water was 0.013 we. per ml. 8 months after the final injection, the trit- 
jum content of body water was 0.003 uc. per ml. While the tissue-bound 
tritium concentrations are small compared with the initial tritium concen- 
trations of body water, they constitute the great majority of all tritium 
whch remains in the animals from 4 to 8 months after injection. It is 
evicent from these figures that the tissue-bound tritium is “firmly bound,” 
and is not being continually replaced from a tritium reservoir in the body 
water. 

“he apparent biological half lives listed in Table II must be taken as 
approximations only, since they are based on only two points on a retention 
curve. It is known from previous studies, however, that the loss of tritium 
from tissues over the time interval from 4 to 8 months after exposure is 
very nearly a single exponential function of time (2). 

The biological half lives observed are consistent with those previously 
obtained for whole tissues and organs (2) and confirm the presence of 
metabolically inert compounds of considerable chemical variety. In view 
of the recently reported similarity in long term retention of tritium and 
deuterium in the rat (7), it is unlikely that the observed effects are due to 
metabolic discrimination between tritium and protium. Evidence for the 
metabolic inertia of collagen has recently been reported by several workers 
using isotopic tracer methods (9-11). To our knowledge, however, there 
have not been previous reports indicating the presence of inert lipide frac- 
tions. 

It should be emphasized that the biological half lives determined in this 
study are not representative of the total material isolated in each fraction. 
For example, all unsaturated fatty acids from the skin will not exhibit a 
biological half life of 250 days. As shown previously (2), the great ma- 
jority of tritium incorporated into tissue compounds turns over at a much 
faster rate. The present study merely focuses attention on those com- 
ponents of each chemical fraction which turn over most slowly. Whether 
these relatively inert components represent chemical species distinct from 
the more rapidly catabolized components or whether the same compounds 
may exhibit different turnover rates, depending upon their functional in- 
volvement within the organism, remains to be determined. 

It is of interest to note that the biological half life for a given compound 
fraction may vary significantly within the same animal, depending upon 
the tissue of origin. Thus, while for any given tissue the unsaturated fatty 
acids exhibited a longer half life than the saturated fatty acids, the half 
life of either of these fractions may vary by a factor of 3 to 4 among differ- 
ent tissues of origin. It is evident that a given compound or group of 
compounds within the body may not be considered independently of its 
location or function in the organism. 
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SUMMARY 


Protein and lipide fractions were separated from various tissues of rats 
sacrificed 4 months and 8 months after administration of tritium oxide, 
The concentration of bound tritium in these compound fractions was de- 
termined, and the biological half life of the tritium-labeled components of 
the fraction was estimated from the decrease in tritium content between 
the two sacrifice periods. Collagen fractions exhibited half lives of 300 
days or longer, and lipide fractions were obtained with half lives as long as 
300 days. The highest concentration of bound tritium, 4 months after 
tritium oxide administration, was found in brain lipides. 


The authors wish to credit the Radiochemistry Laboratory of the Bi- 
ology Section for tritium analyses. 
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THE DETERMINATION OF DEXTRAN IN BLOOD AND 
URINE WITH ANTHRONE REAGENT 


By JOSEPH H. ROE 


(From the Department of Biochemistry, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, January 11, 1954) 


Klevas (1) determined dextran in blood by the Hagedorn-Jensen (2) 
copper reduction method, applied to filtrate prepared by the Somogyi 
technique (3), after acid hydrolysis of the filtrate for 6 hours. Hint and 
Thorsen (4) estimated dextran in blood by alkalinizing trichloroacetic acid 
filtrate, treating the filtrate with standard copper solution, and deter- 
mining residual copper after 4 hours shaking. These methods are time- 
consuming and cumbersome. A considerable advance in analytical tech- 
nique was made by Bloom and Willcox (5) who applied the anthrone 
reaction of Dreywood (6) to dextran precipitated from solution by alcohol. 
In the Bloom and Willcox method the blood proteins are removed by boil- 
ing with 30 per cent KOH, a procedure that gave a blank value of 12.4 + 
3.2 mg. per cent in normal subjects (5). Procedures in which the dextran 
in trichloroacetic acid filtrates of blood and urine is precipitated by alcohol 
and determined turbidimetrically have been published by Metcalf and 
Rousselot (7) and by Jacobsson and Hansen (8). Metcalf and Rousselot 
reported their method somewhat inaccurate at concentrations of 1 mg. 
per ml. but of satisfactory reliability at concentrations of 2 to 16 mg. per 
ml. 

The color formed when carbohydrate is treated with anthrone reagent is 
influenced by the temperature, the time of heating, and the concentration 
of sulfuric acid and anthrone used. These factors, also conditions for opti- 
mal precipitation of dextran by alcohol, have been studied, and a method 
has been developed for the determination of clinical dextran, average mo- 
lecular weight 70,000, in blood and urine. 


Method 

Reagents— 

1. Anthrone reagent. A 0.05 per cent anthrone reagent in 72 per cent 
H.SO, is prepared. To 280 ml. of distilled water add carefully 720 ml. 
of concentrated H.SO,, sp. gr. 1.84, of highest purity. Prepare 1 to 5 
liters of this solution. Estimate the amount of reagent needed for 2 days 
work and dissolve 50 mg. of recrystallized anthrone in each 100 ml. of 72 
per cent sulfuric acid to be used. The mixture is warmed to 70-80°, then 
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cooled to room temperature before use. Upon standing, anthrone reagent, 
when boiled with carbohydrate, yields a dark green color, less desirable, 
and of lower optical density, than the bluish green color formed with fresh 
reagent. This reagent may be prepared for use one day and used during 
the following day. It may be used longer, since a standard is always run 
along with the unknown tubes, but it is recommended that fresh reagent 


be prepared every 2 days. Anthrone recrystallized once from alcohol is 
satisfactory. 


2. 5 per cent trichloroacetic acid. 

3. Standard glucose solutions. (a) Stock solution. Obtain highest purity 
glucose and dry in a vacuum oven at 60-70°. Dissolve 100 mg. of glucose 
in 100 ml. of saturated benzoic acid solution. 

(b) Working standard. Place 5 ml. of the stock solution of glucose in a 
100 ml. volumetric flask and make up to volume with saturated benzoic 
acid solution. 2 ml. of this solution, containing 0.1 mg. of glucose, are 
used as a standard. 

Dextran may be used as a standard in place of glucose. Clinical dextran 
(Commercial Solvents Corporation) yields a color intensity with anthrone 
reagent equivalent to 111 per cent of that given by an equal quantity of 
glucose.’ 


4. 95 per cent ethyl alcohol. The alcohol must be free from anthrone- 
sensitive materials. 


Procedure 


Blood plasma is deproteinized with 5 per cent trichloroacetic acid. Urine 
is diluted with 5 per cent trichloroacetic acid and filtered if protein is pres- 
ent. A dilution is made that will yield filtrate containing 10 to 200 y per 
ml. The trichloroacetic acid mixture of plasma or urine is filtered through 
Whatman No. 42, or other acid-washed, filter paper. Ordinary filter pa- 
pers have been found to contain some water-soluble, alcohol-precipitable 
polysaccharide. 

Pipette 1 ml. of trichloroacetic acid filtrate of plasma or 1 ml. of diluted 
urine into a 15 ml. conical Pyrex centrifuge tube. Continue until 1 ml. 
of each of the unknown solutions has been placed in a similar centrifuge 
tube. To obtain the most reliable results duplicate tubes for each un- 
known are analyzed. 

To the 1 ml. of filtrate in each centrifuge tube add 5 ml. of 95 per cent 
ethyl alcohol. The alcohol is blown forcefully from a pipette into the solu- 
tion in a manner that will cause thorough mixing. Cork the tubes with 
clean rubber stoppers and set aside at room temperature overnight, or, if 
the results are desired upon the same day, cap the tubes loosely with clean 


1T am indebted to Dr. H. E. Stavely, Commercial Solvents Corporation, for this 
evaluation. 
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glass marbles or bulbs and place them in a 37-40° water bath for 3 hours. 


' Centrifuge for 15 minutes at 3000 r.p.m., decant the alcoholic mixture, and 


place the tubes in an inverted position upon a gauze mat in a beaker. Let 
the tubes drain until dry (about 15 minutes); then place them in a rack. 
With a pipette add 2 ml. of distilled water to each centrifuge tube, letting 
the water run down the sides of the tube in a manner that will wash down 
the inner surfaces of the tube. Tap the bottom of each tube upon the 
palm of the hand in a way that will dislodge the mat of dextran and mix 
the contents. 

For a standard, pipette 2 ml. of the working standard solution, contain- 
ing 0.1 mg. of glucose, into a 15 ml. conical Pyrex centrifuge tube. It is 
desirable to prepare two or three standard tubes for each series of unknowns 
analyzed. 

Into the standard and unknown tubes pipette 10 ml. of anthrone reagent. 
This reagent is blown forcefully from the pipette into the solution in the 
tube in a way that will produce a mixing of the contents. Be careful to 
obtain a thorough mixing and make sure that this step is carried out uni- 
formly in all of the tubes. Hold the tube in a vertical position and agitate 
it in a way that will mix more thoroughly the contents in the top level and 
will incorporate the small portions of the reagent that may have splashed 
on the sides of the tube near the top. Stopper each tube by inserting 
firmly a rubber stopper through which has been passed a glass tube about 
4 inches in length. To prepare this stopper, cut off about one-third of the 
smaller end of a size 0 rubber stopper, bore a hole in the larger end, and 
insert a glass tube about 3 mm. in diameter; this device is used to keep 
water from getting into the tube from the water bath. 

Set the stoppered tubes in a rack suitable for immersing in a water bath 
(No. 26231, Will Corporation, or a wire test-tube basket wired with splices 
crossed at right angles to each other). Set the rack of tubes in a bath of 
tap water to bring each tube to the same temperature; then place it in a 
boiling water bath. Be sure the bath is uniformly heated and each tube 
is maintained at approximately the same temperature. After 13 minutes 
in the boiling water bath remove the rack of tubes to a bath of tap water 
and let stand until the tubes are at approximately room temperature. 
Wipe the tubes and stoppers dry with a towel. Remove the stoppers and 
decant each centrifuge tube into a matched photoelectric colorimeter tube. 
Keep the tubes away from direct sunlight. Read with a 620 mu wave- 
length filter. To prepare a blank for setting the colorimeter add 10 ml. of 
anthrone reagent to 2 ml. of water and mix 


Calculation 


For Plasma—DU/DS X 0.1 X dilution of plasma X 100 X 0.9 = mg. of dextran 
per 100 ml. 
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For Urine—DU/DS X 0.1 X dilution of urine X ml. in sample X 0.9 = mg. of 
dextran per sample. 

DU = the optical density of the unknown; DS = the optical density of the stand- 
ard; 0.1 = mg. of glucose in 2 ml. of standard solution; 0.9 = the factor for con- 
verting the glucose value to the dextran value. 


DISCUSSION 
Heating Time and Concentration of Sulfuric Acid 


In some of the methods in which the anthrone reagent is employed for 
the determination of carbohydrate, the heat resulting from mixing sulfuric 
acid with water causes the reaction to take place (5, 9-12). This is an 
inconstant source of energy for this reaction. The depth of color produced 
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Fig. 1. Relation of heating time to color production. 2 ml. of solution containing 
0.1 mg. of dextran were mixed with 10 ml. of 0.05 per cent anthrone in H.SO, solution 
as indicated and heated at 100°. 


by this technique is influenced by the size and shape of the vessel used, 
the volume of the solution, and the speed with which the sulfuric acid is 
added and mixed. Greater precision is obtained by those methods in 
which the mixture of anthrone, sulfuric acid, and carbohydrate is heated 
for a definite time in a constant temperature bath (13-17). Scott and 
Melvin (17) observed excellent precision with their procedure in which 1 
volume of dextran solution is mixed with 2 volumes of 0.2 per cent an- 
throne in 95 per cent sulfuric acid and heated in an ethylene glycol bath 
at 90° for 16 minutes. The standard deviation for 345 sets of duplicate 
determinations, in absorbance units, was +0.0029, corresponding to 0.48 
per cent at an absorbance level of 0.6. 

In nearly all of the anthrone methods for carbohydrate determination a 
66 per cent concentration of H2SO, by volume (2 volumes of 95 per cent 
HSQ, to 1 volume of carbohydrate solution) is used. As shown in Fig. 1, 
Curve A, 65 per cent concentration of H2SO, by volume gives a rounded 
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curve for the optical density when the mixture is heated in a boiling water 
bath. With H.SO, solution that is 60 per cent by volume, the optical 
density is constant at the heating time of 11 to 15 minutes (Curve B). 
We, therefore, adopted this concentration of H2SO, for our work, which 
is the same as that used by Black (15) for the determination of methyl- 
cellulose. Curve C, Fig. 1, showing results with 57 per cent H.SO, by 
volume, also has a flat portion that would make a good working range, but 
since the solubility of anthrone, and the optical density of the color pro- 
duced, decrease with a decreasing concentration of H2SO,, 60 per cent by 
volume of H2SQ, is the concentration of choice. 


TaBLe I 
Factors Affecting Precipitation of Dextran with Alcohol 
Time of standing, 3 hours at room temperature. 
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Precipitation of Dextran by Alcohol 


Effect of Ionic Concentration—The effect of ionic concentration on the 
precipitation of dextran is shown by the data of Table I. With urine di- 
luted 1:50, 1:25, and 1:10 volumes with water recoveries of added dextran, 
when 5 parts of alcohol were added to 1 part of solution and the mixtures 
were allowed to stand for 3 hours, were 38, 102, and 109 per cent, respec- 
tively. These data suggested that the greater concentration of urinary 
substances in the mixture favored the precipitation of dextran. This as- 
sumption was confirmed by experiments with water and sodium chloride 
solutions. In a 3 hour period no dextran was precipitated from a pure 
water solution by adding 5 parts of alcohol to 1 part of dextran solution, 
and only 67 per cent was precipitated by a 10:1 ratio of alcohol to water. 
With dextran in a 1 per cent sodium chloride solution, the recoveries were 
97 and 100 per cent with 5:1 and 10:1 alcohol to water concentrations, 
respectively. 
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With another sample of urine diluted 1:50, 1:25, and 1:10 volumes with 
water, recoveries of added dextran were 91, 103, and 119 per cent, respec- 
tively, with an alcohol to water concentration of 10:1. In the analysis 
with the 1:10 dilution, showing a 119 per cent recovery, a considerably in- 
creased amount of precipitate was observed. It thus appeared that this 
falsely high value was due to the precipitation by alcohol of phosphates, 
or other substances, which adsorb or contain anthrone-sensitive materials, 
This explanation is in agreement with further studies of Table I in which 
the same urine was diluted with 5 per cent trichloroacetic acid, which pre- 
vented the precipitation of phosphates by alcohol; the recoveries in these 
analyses were satisfactory, regardless of the urinary dilution made. 

The data of Table I show that filtrates of biological materials must have 
a certain ionic concentration and an acid pH to permit a satisfactory pre- 
cipitation of small amounts of dextran by alcohol. They reveal the un- 
suitability of water as a diluent for urine when determining dextran by al- 
cohol precipitation: at high dilutions recoveries are too low and at low 
dilutions recoveries are falsely high. 

Ethyl] alcohol is an efficient reagent for precipitating dextran from solu- 
tion. 10 y of dextran in 1 ml. of 5 per cent trichloroacetic acid are re- 
covered quantitatively by the technique outlined above. If it is desired to 
check the alcohol precipitation step, a freshly prepared 5 per cent trichloro- 
acetic acid standard solution of dextran is used instead of a benzoic acid 
standard solution, which has too low an ionic concentration to produce 
quantitative precipitation of dextran by alcohol. 

Effect of Temperature—It was found that the rate of precipitation of 
dextran from 5 per cent trichloroacetic acid solution by alcohol is more 
rapid at 40° than at 18-22° or at 3°. For this reason the tubes containing 
the alcohol-unknown mixture are placed in a water bath at 37—40° for 3 
hours when results are desired on the same day. If results are not needed 
at once, it is simpler and preferable to allow the alcohol precipitation step 
to take place at room temperatures overnight. 


Protein Precipitant 


5 per cent trichloroacetic acid was found satisfactory for the determina- 
tion of dextran in blood plasma because this acid is an efficient protein pre- 
cipitant and provides an acid solution of suitable ionic concentration for 
alcohol precipitation of dextran. Deproteinization with barium hydroxide 
and zine sulfate gave low recoveries of added dextran. The Folin-Wu re- 
agents gave slightly high recoveries, owing apparently to the precipitation 
of some tungstic acid by the alcohol which probably adsorbed traces of 
sugar. 

An important feature of this method is that trichloroacetic acid filtrates 
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of blood and urine diluted with trichloroacetic acid yield negative blanks. 
The method is, therefore, specific for dextran in blood and urine. 


Color Quality 


The agreement of the color used in this method with Beer’s law is excel- 
lent, as shown in Fig. 2. Values that fall on a straight line were obtained 
with quantities of 10 to 200 y of dextran, which correspond to readings of 
90 to 15 with the Evelyn colorimeter. 

The color produced in this method has a high degree of stability in the 
dark. A group of tubes containing the colored mixture, placed in the dark 
and read at intervals, showed no change in optical density in 2 hours and 


OPTICAL DENSITY 
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Fic. 2. Agreement of color intensity with Beer’s law. 2 ml. of dextran solution 
were mixed with 10 ml. of anthrone reagent, consisting of 0.05 per cent anthrone in 
72 per cent H»SO, by volume, and heated at 100° for 12 minutes. 


only a 7 per cent decrease in color intensity in 18 hours. When placed in 
sunlight, the color fades: a decrease in optical density of 14 per cent in 1 
hour was observed in tubes placed by a window in direct sunlight. 


Precision and Recovery 


A high degree of precision was observed with this method upon pure 
dextran solution. In twelve determinations upon a solution containing 
0.1 mg. of dextran per ml., by the technique outlined above, there was 
found, in optical density units, a standard deviation of +0.0022 at an 
optical density level of 0.387, or 0.56 per cent. In twelve determinations 
in which the alcohol precipitation step was omitted, the standard deviation 
was +0.0014 at an optical density level of 0.387, or 0.36 per cent. 

In ten experiments in which dextran was added to blood plasma, the 
following per cent recoveries were obtained: 100, 101, 102, 102, 103, 104, 
104, 105, 105, 107, the mean recovery being 103.3 per cent. When dextran 
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was added to ten urines, the following per cent recoveries were observed: 
96, 98, 98, 101, 101, 102, 103, 103, 104, 105, the mean recovery being 10] 
per cent. 


SUMMARY 


A method has been developed for the determination of dextran in blood 
and urine. Dextran is precipitated from trichloroacetic acid filtrate by 
alcohol; it is placed in 60 per cent by volume H,SQ, solution containing 
0.042 per cent of anthrone, boiled for 13 minutes, and compared colori- 
metrically with a standard glucose or dextran solution treated for color 
production similarly. 


Part of the expense of this work was contributed by the Commercial 
Solvents Corporation, Terre Haute, Indiana. 
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INDEX TO SUBJECTS 





A 


| 


Acetaldehyde: Brain acetoin synthesis, | 


effect, Berry and Stotz, 591 
— acetylcholine synthesis, effect, 
Berry and Stoiz, 591 


— citric acid synthesis, effect, Berry 
and Stotz, 591 
Acetate: Radioactive, histidine biosyn- 
thesis, relation, Levy and Coon, 
691 
Acetobacter suboxydans: Pyruvic car- 
boxylase, King and Cheldelin, 
821 
Acetoin: Synthesis, brain, acetaldehyde 
effect, Berry and Stotz, 591 
Acetone: Metabolism, photosynthesis, 
Rhodopseudomonas gelatinosa effect, 
Siegel, 205 
Acetylcholine: Synthesis, brain, acetal- 
dehyde effect, Berry and Stotz, 
591 
Acylase: Glycine N-. Glycine 
N-acylase 
Adenosinetriphosphatase : Muscle, Mom- 


See 


maerts and Green, 833 
Myosin, Mommaerts and Green, 

833 

Adenosinetriphosphate : Potassium com- 

plexes, Melchior, 615 

Sodium complexes, Melchior, 615 


Adipose tissue: Glucose utilization, 
insulin effect, Hausberger, Milstein, 
and Rutman, 431 

Adrenal(s): Cortex, extract, tissue gly- 
colysis, effect, Miller, 327 

Albumin: Blood serum, nitrogen-termi- 


nal sequence, T’hompson, 565 
Aldolase: Biosynthesis, Simpson and 
Velick, 61 
Heimberg and Velick, 725 
Amine oxidase: Purification, blood 


plasma, Tabor, Tabor, and Rosen- 
thal, 645 
Amino acid(s): Growth requirements, 
determination, Williams, Curtin, 

Abraham, Loosli, and Maynard, 
277 
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| 


Anserine: Biosynthesis, Martignoni and 
Winnick, 251 
Antibiotic: Fusarium bostrycoides, Ca- 
jori, Otani, and Hamilton, 107 
Antimetabolite(s): Biochemically re- 
lated, synergism, Elion, Singer, and 
Hitchings, 477 
Arginyl dipeptide(s): Synthesis, papain 
and trypsin relation, Van Orden and 
Smith, 751 
Ascorbic acid: Hydroxylation, aromatic, 
relation, Udenfriend, Clark, Azelrod, 
and Brodie, 731 
Brodie, Axelrod, Shore, and Uden- 
friend, 741 
Aspergillus niger: Citric acid formation, 
mechanism, Cleland and Johnson, 
679 
Aurintricarboxylic acid: Beryllium poi- 
soning, protection mechanism, phos- 
phatase, alkaline, relation, Schubert 
and Lindenbaum, 359 


B 


Bacillus: See also Lactobacillus 
Bacillus subtilis: Pyrimidine nucleo- 
sides, substituted, degradation, ef- 
fect, Slotnick, Visser, and Rittenberg, 
217 
Uracil conversion to thymine, effect, 
Rege and Sreenivasan, 471 
Bacteria: Feces, stercobilinogen forma- 
tion from nitrogen 15-labeled meso- 
bilirubinogen, effect, Lowry, Ziegler, 
Cardinal, and Watson, 543 
See also Acetobacter, Escherichia, Pro- 
pionibacterium, Rhodopseudomonas 
Base: Total, blood serum, determina- 
tion, Vanatta and Cushing, 195 
Bean: Soy, inositide fractions, separa- 
tion, Scholfield and Dutton, 461 
—, root nodules, nitrogen fixation, 
Aprison, Magee, and Burris, 29 
Beryllium: Poisoning, aurintricarbox- 
ylic acid protection mechanism, 
phosphatase, alkaline, relation, 
Schubert and Lindenbaum, 359 
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Biformin: Glycol, 9-carbon, polyacetyl- 
enic, relation, Anchel and Cohen, 


319 
Biotin sulfoxide: Melville, $95 
Biotin d-sulfoxide : Biological properties, 
Melville, Genghof, and Lee, 503 
Biotin /-sulfoxide: Biological properties, 
Melville, Genghof, and Lee, 503 
Blood: Dextran determination, Roe, 
889 


Blood plasma: Amine oxidase, purifica- 
tion, Tabor, Tabor, and Rosenthal, 

645 

Cholesterol, radioactive, isolation, 

Rosenfeld, Hellman, Considine, and 


Gallagher, 73 
Fibrinogen, determination, photomet- 
ric, Saifer and Newhouse, 159 
Blood serum: Albumin, nitrogen-termi- 
nal sequence, 7’'hompson, 565 
Base, total, determination, Vanatta 
and Cushing, 195 
Esterase, surface, Wilson, 123 
Fetus, mucoprotein, Deutsch, 669 
Thyroglobulin, iodine 131 therapy, ef- 
fect, Robbins, 377 

Robbins, Petermann, and Rall, 
387 
Thyroxine-binding protein, Petermann, 
Robbins, and Hamilton, 369 
Brain: Acetoin synthesis, acetaldehyde 
effect, Berry and Stotz, 591 
Acetylcholine synthesis, acetaldehyde 
‘effect, Berry and Stotz, 591 
Citric acid synthesis, acetaldehyde ef- 
fect, Berry and Stotz, 591 

Cc 

Carbon dioxide : Metabolism, Neurospora 
crassa, Heplar and Tatum, 489 


Carbonyl compound(s): Color reaction, 
Dische, Weil, and Landsberg, 23 

Carboxylase: Pyruvic. See Pyruvic 
carboxylase 

Carboxylic acid: Aurintri-. See Avrin- 
tricarboxylic acid 

Carnosine: Biosynthesis, Martignoni and 


Winnick, 251 
Cholesterol: Biosynthesis, liver effect, 
Rabinowitz and Gurin, 307 





Cholesterol—continued: 

Radioactive, isolation, blood plasma, 
Rosenfeld, Hellman, Considine, and 
Gallagher, 73 

Choline: Acetyl-. See Acetylcholine 

Oxidation, phosphorylation, aerobic, 

relation, Rothschild, Cori, and Bar- 


ron, 41 
Choline oxidase: Rothschild, Cori, and 
Barron, 4] 


Chymotrypsin: Determination, micro-, 
colorimetric, Ravin, Bernstein, and 
Seligman, 1 

Citric acid: Formation, Aspergillus 
niger, mechanism, Cleland and John- 
son, 679 

Synthesis and degradation, prostate 
enzymes, effect, Wailliams-Ashman 


and Banks, 337 
—, brain, acetaldehyde effect, Berry 
and Stotz, 591 


Coenzyme(s): A, ketoacyl. See Keto- 
acyl coenzyme A 

Creatine: Urine, determination, colori- 
metric, micro-, Taussky, 853 

Cysteine(s): L-, aryl-substituted, syn- 
thesis and metabolism, West and 


Mathura, 315 
Cystine reductase: Pea seeds, Romano 
and Nickerson, 409 
Yeast, Romano and Nickerson, 409 
Cytochrome(s): Neurospora, Tissieres 
and Mitchell, 241 

D 


Dehydrogenase: Glyceraldehyde-3-phos- 
phate. See Glyceraldehyde-3-phos- 
phate dehydrogenase 

Lactic. See Lactic dehydrogenase 

Deoxyribonuclease: Pancreas, mono- 

and dinucleotides, isolation, rela- 


tion, Sinsheimer, 445 
Dextran: Blood, determination, Roe, 

889 

Urine, determination, Roe, 889 


Dinucleotide(s): Isolation, deoxyribo- 
nuclease, pancreatic, relation, Sins- 
heimer, 445 

Dipeptide(s): Arginyl. See Arginyl di- 
peptide 
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SUBJECTS 907 


Diphosphatase: Fructose-1,6-. See 
Fructose-1 ,6-diphosphatase 

Diphosphopyridine nucleotide : Reduced, 
glyceraldehyde-3-phosphate dehy- 
drogenase effect, Rafter, Chaykin, 
and Krebs, 779 


E 


Enzyme(s): Galactosyl oligosaccharides, 
synthesis, mechanism, Pazur, 439 
B-Ketoacyl coenzyme A _ cleavage, 
Goldman, 345 
Lactobacillus bifidus growth factor, 
synthesis, Zilliken, Smith, Rose, and 
Gyorgy, 299 
Oligosaccharides, formation from hy- 
aluronic acid, Weissmann, Meyer, 
Sampson, and Linker, 417 
Prostate, citric acid synthesis and deg- 
radation, effect, Williams-Ashman 
and Banks, 337 
Specificity, Koshland and Stein, 139 


Thiouracil deoxyriboside synthesis, 
Strominger and Friedkin, 663 
— riboside synthesis, Strominger and 
Friedkin, 663 


See also Adenosinetriphosphatase, Al- 
dolase, etc. 

Escherichia coli: Phenylalanine metab- 

olism, effect, Simmonds, Dowling, 


and Stone, 701 
Pyridine nucleotide-menadione reduc- 
tase, Wosilait and Nason, 785 


Pyrimidine nucleosides, substituted, 
degradation, effect, Slotnick, Visser, 


and Rittenberg, 217 
Tyrosine metabolism, effect, Sim- 
monds, Dowling, and Stone, 701 
Esterase: Blood serum, surface, Wilson, 
123 

F 


Fasting: Tissue lipogenesis, effect, Hut- 
chens, Van Bruggen, Cockburn, and 
West, 115 

Fat(s): See also Adipose tissue 

Fatty acid: Metabolism, hepatic lipo- 
genesis and, Lyon and Geyer, 529 

Oxidizing system, Goldman, 345 








Feces: Bacteria, stercobilinogen forma- 
tion from nitrogen 15-labeled meso- 
bilirubinogen, effect, Lowry, Ziegler, 


Cardinal, and Watson, 543 
Fetuin: Deutsch, 669 
Fetus: Blood serum  mucoprotein, 

Deutsch, 669 

Liver glucose-6-phosphatase, Nemeth, 
773 

— glycogenesis, Nemeth, Insull, and 
Flexner, 765 


Fibrinogen: Blood plasma, determina- 
tion, photometric, Saifer and New- 


house, 159 
Fluoride : Propionibacterium pentosaceum 
phosphatase, effect, Volk, 777 


Formate: Carbon 14-labeled, incorpora- 
tion in liver nucleic acids, N-methy]- 
formamide effect, Barclay, Garfinkel, 


and Stock, 875 
Fructose-1,6-diphosphatase: Purifica- 
tion, Pogell and McGilvery, 149 


Fungus: See also Aspergillus 
Fusarium bostrycoides: Antibiotic, Ca- 
jori, Otani, and Hamilton, 107 


G 


Galactose-1-phosphate: Glucose-1-phos- 
phate reversible conversion from, 
Hansen and Craine, 293 

Galactosyl oligosaccharide(s): Synthe- 
sis, enzymatic, mechanism, Pazur, 

439 

Globulin: Thyro-. See Thyroglobulin 

Glucose: Radioactive, histidine biosyn- 
thesis, relation, Levy and Coon, 

691 
Utilization, adipose and hepatic tis- 
sues, insulin effect, Hausberger, Mil- 


stein, and Rutman, 431 
Glucose-6-phosphatase: Liver, fetus, 
Nemeth, 773 


Glucose-1-phosphate : Galactose-1-phos- 
phate reversible conversion to, Han- 
sen and Craine, 293 

Glutaric acid: $-Hydroxy-8-methyl-. 
See Hydroxy-8-methylglutaric acid 

Glyceraldehyde-3-phosphate dehydro- 
genase: Biosynthesis, Simpson and 





Velick, 61 
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Glyceraldehyde-3-phosphate dehydro- 


genase—continued: 
Diphosphopyridine nucleotide, _re- 

duced, effect, Rafter, Chaykin, and 

Krebs, 799 


Glycine N-acylase: Purification and 
properties, Schachter and Taggart, 


263 
Glycogenesis: Liver, fetus, Nemeth, In- 
sull, and Flexner, 765 


Glycol: 9-Carbon, polyacetylenic, bi- 
formin relation, Anchel and Cohen, 


319 
Glycolysis: Tissue, adrenocortical ex- 
tract, effect, Miller, 327 


Glycyl-L-proline: Prolidase specificity, 
relation, Adams, Davis, and Smith, 

573 

Growth: Amino acids, requirements, de- 

termination, Williams, Curtin, Abra- 


ham, Loosli, and Maynard, 277 

H 
Heart: Lactic dehydrogenase, inhibitors, 
Neilands, 225 


Hexose monophosphate: Pentose phos- 
phate conversion to, pea leaf and 
root, effect, Gibbs and Horecker, 

813 

Hexose phosphate(s): Determination, 
anthrone reagent use, Mokrasch, 

55 

Histidine : Biosynthesis, acetate and glu- 
cose, radioactive, relation, Levy and 
Coon, 691 

Homogentisic acid oxidase : Crandall and 
Halikis, 629 

Kidney tyrosine metabolism, relation, 
Crandall and Halikis, 629 

Hyaluronic acid: Oligosaccharides, for- 
mation from, enzymatic, Weissmann, 
Meyer, Sampson, and Linker, 

417 

Hydroxylation: Aromatic, ascorbic acid 
relation, Udenfriend, Clark, Azelrod, 
and Brodie, 731 
Brodie, Axelrod, Shore, and Uden- 
friend, 741 

—, model system, Udenfriend, Clark, 
Azelrod, and Brodie, 731 





Hydroxy-8-methylglutaric acid: 8-, bio- 
synthesis, liver effect, Rabinowitz 


and Gurin, 307 

I 
Inositide: Fractions, soy bean, separa- 
tion, Scholfield and Dutton, 461 


Insulin: Glucose utilization, adipose and 
hepatic tissues, effect, Hausberger, 
Milstein, and Rutman, 431 

Radioactive, injection effect, Hau- 
gaard, Vaughan, Haugaard, and Sta- 
die, 549 

Invertase: Cleavage point, Koshland and 
Stein, 139 

Iodine: Mass 131, therapy, blood serum 
thyroglobulin, effect, Robbins, 


377 
Robbins, Petermann,and Rall, 387 
K 

Keto acid(s): Color reaction, Dische, 
Weil, and Landsberg, 23 
Ketoacyl coenzyme A: £-, cleavage en- 
zyme, Goldman, 345 
Kidney: Ribonuclease, Roth, 181 


Tyrosine metabolism, homogentisic 
acid oxidase relation, Crandall and 


Halikis, 629 
L 

Lactic dehydrogenase: Heart, inhibitors, 
Neilands, 225 
Lactobacillus bifidus: Growth factor, 
synthesis, enzymatic, Zilliken, 
Smith, Rose, and Gyérgy, 299 
Lactose : Metabolism, Hansen and Craine, 
293 

Lipide: Turnover, tritium as tracer, 
Thompson and Ballou, 883 
Lipogenesis: Liver, fatty acid metabo- 
lism and, Lyon and Geyer, 529 


Tissue, fasting effect, Hutchens, Van 
Bruggen, Cockburn, and West, 115 
Liver: Cholesterol biosynthesis, effect, 


Rabinowitz and Gurin, 307 
Fetus, glucose-6-phosphatase, Nemeth, 
773 


—, glycogenesis, Nemeth, Insull, and 
Flexner, 765 














Live 








Dio- Liver—continued: 
vitz Glucose utilization, insulin effect, 
307 Hausberger, Milstein, and Rutman, 
431 
g-Hydroxy-8-methylglutarie acid bio- 
Ta- synthesis, effect, Rabinowitz and 
461 Gurin, 307 
ind Lipogenesis, fatty acid metabolism 
er, and, Lyon and Geyer, 529 
431 Nucleic acids, C'*-formate incorpora- 
1uU- tion, N-methylformamide effect, 
ta- Barclay, Garfinkel, and Stock, 875 
49 Ribonuclease, Roth, 181 
nd 
39 M 
im Mesobilirubinogen : Nitrogen 15-labeled, 


stercobilinogen formation from, fe- 


7 cal bacteria, effect, Lowry, Ziegler, 
87 Cardinal, and Watson, 543 
Metabolism: Turnover, tritium as tra- 
cer, Thompson and Ballou, 883 
é, Methylformamide: N-, C'‘-formate in- 
23 corporation in liver nucleic acids, ef- 
2- fect, Barclay, Garfinkel, and Stock, 
5 875 
31 Methyltestosterone: Carbon 14-labeled, 
c synthesis and metabolism, Hyde, El- 
d liott, Doisy, and Doisy, 521 
9 Mold: See also Fusarium, Neurospora 


Mononucleotide(s): Isolation, deoxy- 


F Sinsheimer , 445 
D Mucoprotein: Blood serum, fetus, 
, Deutsch, 669 
, Muscle: Adenosinetriphosphatase, Mom- 

maerts and Green, 833 
Myosin : Adenosinetriphosphatase, Mom- 
maerts and Green, 833 
! N 


Neurospora: Cytochromes, Tissieres and 





Respiration, Tissieres and Mitchell, 

; 241 
| Neurospora crassa: Carbon dioxide me- 
! tabolism, Heplar and Tatum, 489 
Nitrogen: Blood serum albumin, Thomp- 


son, 565 
Fixation, soy bean root nodules, A pri- 
son, Magee, and Burris, 29 


Yim 





ribonuclease, pancreatic, relation, | 


Mitchell, 241 | 


SUBJECTS 909 


Nuclease: Deoxyribo-. See Deoxyribo- 
nuclease 
Ribo-. See Ribonuclease 
Nucleic acid(s): Derivatives, antago- 
nists, Elion, Singer, and Hitchings, 
477 
Liver, C'4-formate incorporation, N- 
methylformamide effect, Barclay, 
Garfinkel, and Stock, 875 
Nucleoside(s): Pyrimidine. See Py- 
rimidine nucleoside 
Nucleotide(s): Di-. See Dinucleotide 
Diphosphopyridine. See Diphospho- 
pyridine nucleotide 
Mono-. See Mononucleotide 


Oo 


Oligosaccharide(s): Hyaluronic acid 
conversion to, enzymatic, Weiss- 
mann, Meyer, Sampson, and Linker, 

417 

Oxidase: Amine. See Amine oxidase 

Choline. See Choline oxidase 

Homogentisic acid. See Homogentisic 
acid oxidase 

Xanthine. See Xanthine oxidase 


Pp 


Pancreas: Deoxyribonuclease, mono- 
and dinucleotides, isolation, rela- 
tion, Sinsheimer, 445 

Papain: Arginyl dipeptides, synthesis, 
relation, Van Orden and Smith, 

751 


| Pea: Leaf and root, pentose phosphate 


conversion to hexose monophos- 
phate, effect, Gibbs and Horecker, 


813 
Seeds, cystine reductase, Romano and 
Nickerson, 409 


Pentose phosphate: Hexose monophos- 
phate from, pea leaf and root, effect, 
Gibbs and Horecker, 813 

Phenylalanine: Metabolism, Escherichia 
coli effect, Simmonds, Dowling, and 


Stone, 701 
Phosphatase: Adenosinetri-. See Aden- 
osinetriphosphatase 


Alkaline, beryllium poisoning, aurin- 





tricarboxylic acid protection mech- 
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Phosphatase—continued: 
anism, relation, Schubert and Linden- 


baum, 359 
Glucose-6-. See Glucose-6-phospha- 
tase 
Propionibacterium pentosaceum,  flu- 
oride effect, Volk, 777 
Phosphate: Adenosinetri-. See Adeno- 


sinetriphosphate 
Phosphorylase: Biosynthesis, Heimberg 
and Velick, 725 
Phosphorylation : Aerobic, choline oxida- 
tion relation, Rothschild, Cori, and 
Barron, 41 
Pipecolic acid: Determination, Schweet, 
603 
Placenta: A*-Pregnen-38-ol-20-one con- 
version to progesterone, effect, 
Pearlman, Cerceo,and Thomas, 231 
Plant(s): Transamination, Wilson, King, 
and Burris, 863 
Plasmin: Substrates, synthetic, action, 
Troll, Sherry, and Wachman, 85 
Polysaccharide : Syntheses, yeast, Chung 
and Nickerson, 395 
Porphyrin(s): Dicarboxylic, methyl es- 
ters, chromatography, paper, Chu 
and Chu, 537 
Pregnen-38-o0l-20-one: A°-, progesterone 
conversion to, placenta effect, Pearl- 
man, Cerceo, and Thomas, 231 
Progesterone: Carbon 14-labeled, ad- 
ministration effect, Shen, Elliott, 
’ Doisy, and Doisy, 133 
A‘-Pregnen-38-ol-20-one formation 
from, placenta effect, Pearlman, Cer- 
ceo, and Thomas, 231 
Prolidase: Specificity, glycyl-L-proline 
relation, Adams, Davis, and Smith, 
573 
Proline: Determination, Schweet, 603 
Glyeyl-L-. See Glycyl-t-proline 
Propionibacterium pentosaceum: Phos- 
phatase, fluoride effect, Volk, 777 
Prostate: Citric acid synthesis and deg- 
radation, enzyme mechanisms, Wil- 
liams- Ashman and Banks, 337 
Protein: Muco-. See Mucoprotein 


Thyroxine-binding, blood serum, Pe- 
termann, Robbins, and Hamilton, 
369 


| 
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Protein—continued: 
Turnover, tritium as tracer, Thompson 
and Ballou, 883 
Pyridine nucleotide-menadione reduc- 
tase: Escherichia coli,Wosilait and 
Nason, 785 
Pyrimidine nucleoside(s): Substituted, 
degradation, Escherichia 
Bacillus subtilis, effect, Slotnick, 
Visser, and Rittenberg, 217 
Pyruvic carboxylase: Acetobacter suboxy- 


coli and 


dans, King and Cheldelin, 821 
R 
Reductase: Cystine. See Cystine re- 
ductase 
Pyridine nucleotide-menadione. See 


Pyridine nucleotide-menadione re- 
ductase 
Respiration: Tissue membranes, deter- 
mination, Kirk, Hansen, Effersge, 
and Iv-rsen, 17 
Rhodopseudomonas gelatinosa: Acetone 
metabolism, photosynthetic, effect 


Siegel, 205 

Riboflavin: Biosynthesis, Plaut, 513 

| Ribonuclease: Kidney, Roth, 181 

Liver, Roth, 181 

Riboside: Thiouracil. See Thiouracil 
riboside 

— deoxy-. See Thiouracil deoxyribo- 

side 








Ss 


Saccharide(s): Galactosyl oligo-. 

Galactosyl oligosaccharide 
Oligo-. See Oligosaccharide 

Saccharomyces cerevisiae: Valine bio- 
synthesis, McManus, 639 

Soy bean: See Bean 

Stercobilinogen: Mesobilirubinogen, ni- 
trogen 15-labeled, conversion to, fe- 
eal bacteria, effect, Lowry, Ziegler, 
Cardinal, and Watson, 543 

Steroid(s): C,,0;, mixtures, separation 
and identity, chromatography, pa- 
per, Arroyave and Azelrod, 579 

Sugar: Mixtures, determination, an- 
throne reagent use, Mokrasch, 


See 
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21 











XUM 


SUBJECTS 


T 


Testosterone: Methyl-. See 
testosterone 
Thiouracil deoxyriboside : Synthesis, en- 
zymatic, Strominger and Friedkin, 
663 
Thiouracil riboside: Synthesis, enzy- 
matic, Strominger and Friedkin, 


Methyl- 


663 
Thrombin: Substrates, synthetic, action, 
Sherry and Troll, 95 


Thymine: Uracil conversion to, Bacillus 
subtilis effect, Rege and Sreenivasan, 
471 

Thyroxine: -Binding protein, blood se- 
rum, Petermann, Robbins, and Hamil- 
ton, 369 
Thyroglobulin: Blood serum, iodine 131 
therapy, effect, Robbins, 377 
Robbins, Petermann, and Rall, 387 
Tissue(s): Lipogenesis, fasting effect, 
Hutchens, Van Bruggen, Cockburn, 


and West, 115 | 
Membranes, respiration, determina- 

tion, Kirk, Hansen, Effersge, and 

Iversen, 17 


Transamination: Plants, Wilson, King, 
and Burris, 
Tritium: Lipide turnover, use as tracer, 


Thompson and Ballou, 
Metabolic turnover, use as tracer, 
Thompson and Ballou, 883 
Protein turnover, use as_ tracer, 
Thompson and Ballou, 883 


Trypsin: Arginyl dipeptides, synthesis, 
relation, Van Orden and Smith, 
751 





863 | 


883 | 


911 


Trypsin—continued: 


Chymo-. See Chymotrypsin 
Tyrosine: Metabolism, Escherichia coli 
effect, Simmonds, Dowling, and 
Stone, 701 


—, kidney, homogentisic acid oxidase 
relation, Crandall and Halikis, 629 


U 


Uracil: Thymine formation from, Bacil- 
lus subtilis effect, Rege and Sreeniva- 
san, 471 

Urine: Creatine determination, colori- 


metric, micro-, Taussky, 853 
Dextran determination, Roe, 889 


Uronic acid: 
acid 


Hyal-. See Hyaluronic 


Vv 


Valine : Biosynthesis, Saccharomyces cere- 
visiae, McManus, 639 


x 


Xanthine oxidase : Determination, mano- 
metric, Dhungat and Sreenivasan, 


845 
Tissues, determination, Dietrich and 
Borries, 287 


rj 


Yeast: Cystine reductase, Romano and 


Nickerson, 409 
Polysaccharide syntheses, Chung and 
Nickerson, 395 


See also Saccharomyces 











